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FOREWORD 


The Electric and Hybrid Vehicle (EHV) Program was established 
in DOE in response to the Electric and Hybrid Vehicle Research, 
Development, and Demonstration Act of 1976. Responsibility for the 
EHV Program resides in the Office of Electric and Hybrid Vehicle 
Systems of DOE. The Near-Term Hybrid Vehicle (rTHV) Program is an 
element of the EHV Program. DOE has assigned piocurement and man- 
agement responsibility for the Near-Term Hybrid Vehicle Program to 
the California Institute of Technology, Jet Propulsion Laboratory 
(JPL) . 

The overall objective of the DOE EHV Program is to promote 
the development of electric and hybrid vehicle technologies and 
to demonstrate the validity of these systems as transportation 
options which are less dependent on petroleum resources. 

As part of the NTHV Program, General Electric and its subcon- 
tractors have completed studies leading to the Preliminary Design 
of a hybrid passenger vehicle which is projected to have the maxi- 
mum potential for reducing petroleum consumption in the near term 
(commencing in 1985) . This work has been done under JPL Contract 
955190, Modification 3, Phase I of the Near-Term Hybrid Vehicle 
Program. 

This volume is part of Deliverable Item 7, Final Report , of the 
Phase I studies. In accordance with Data Requirement Description 7 
of the Contract, the following documents are submitted as appendices: 

APPENDIX A is the Mission Analysis and Performance Specifica- 
tion Studies Report that constitutes Deliverable Item 7 and reports 
on the wor’- of Task 1. 

APPENDIX B is a three-volume set that constitutes Deliverable 
Item 2 and reports on the work of Task 2. The three volumes are: 

• Volume I — Design Trade-off Studies Report 

• Volume II -- Supplement to Design Trade-Off 

Studies Report, Volume I 

• Volume III — Compuvor Program Listings 

APPENDIX C is the Preliminary Design Data Package that con- 
stitutes Deliverable Item 3 and reports on the work of Task 3. 

APPENDIX D is the Sensitivity Analysis Report that constitutes 
Deliverable Item 8 and reports on Task 4 . 

The three classifications - Appendix, Deliverable Item, and 
Task number - may be used interchangeably in these documents. The 
interrelationship is tabulated below: 
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Deliverable 

Item 


A ppendix Item TasJc 

Ti X 1 Mission Analysis and Performance 

Specification Studies Report 

jj 2 2 Vol. I “ Design Trade-Off Studies 

Report 

Vol. II - Supplement to Design 
Trade-Off Studies Report 

Vol. Ill - Computer Program 
Listings 

^2 3 Preliminary Design Data Package 

P 3 4 Sensitivity Analysis Report 

This is Volume II, Supplement to Design Trade-Off Studies Re- 
port Volume I, of Appendix B. This volume reports on work done on 
Task 2 and is part of Deliverable Item 7 , Final Report , which 
the summary Report of a series which documents the results of Phase I 
of the Near-Term Hybrid Vehicle Program. Phase I was a study leading 
tl SI pSlimillry design of a five-passenger vehicle utilizing two 
SeSy sonrlTs (electricity and gasoline/diesel fuel) to minimize 
petroleum usage on a fleet basis. 

This volume presents reports submitted by subcontractors on heat 
engines! bI«erv%ower sources, and vehicle tachnclcgy. ®ese s^- 
contractor reports have been reproduced as submitted to General 
trie and are presented in this volume to make available source mate- 
rial that was used in the Design Trade-Off Studies. 

The subcontractor reports are submitted in separate sections in 
which the General Electric imposed Work Statement is Presented first, 
followed by the subcontractor report submitted in response to the 
Work Statement. The order of presentation is 


Section 1 - 


Section 2 - 


Section 3 - 


Heat Engine Trade-Cff Study perfoped by 
General Electric Company , Space Division 

Assessment of Battery Power Sources per- 
formed by ESB Technology Company 

Vehicle Technology performed by Triad 
Services, Incorporated 


Material from a number of internal General Electric studies 
which were used during the Design Trade-Off Studies was 'prised 
and is presented in Section 4 - Motors and Controls for Hy 
Vehicles. Included in Section 4 are attachments which describe 
pertinent studies and developments. These are: 

Attachment A - Proposed Development Program on Advanced 
Electric Vehicle, October 1975 

Attachment B - Centennial Electric Car 
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Attachment C - Electric Vehicle AC Drive Study 

Attachment D - Propulsion System Design Trade-off 
Studies 

Attachment E - Producibility Analysis 
Attachment P - Required Motor and Controller Data 

The attachments are submitted without any editorial rewrite or 
attempt to present a continuously narrative text but only as a 
means to record background information. 
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WORK STATEMENT 


to 


General Electric Company 
Space Division 
space Systems Operatior 
Philadelphia » PA 19101 


introduction 

contract No. 955190 betwe^ ^d^SSe«l*ElUtrlo 
nology Jot f of^hl Near-Term Hybrid Pas- 

covers a program entitle _ under which studies shall be 

senger Vehicle Development Program ^ hybrid passenger 

conducted leading to ^ have^the maximxim potential for 

vehicle that is projected to (commencing in 1985). 

ducing petroleum consumption in near ter 

Effort under Contract ^^55190 is being Energy (DOE) and 

interagency Agreement be twee Administration (NASA) and in 

^.t^rtssf of rn^d t pri^ rrrtaSSnt 

Kiectrio Purchase 

Order A02000-220406 . 

SCOPE OF WORK 

in support gslJgS^^the^sScontrtltor^s^^ furnish 

ment's work under trials services, facilities, and other- 

fue"irruVin5°Sfc^3srr5%or oi Incident to the performance 
of the following tasks; 

e Engines currently being marketed 

, Engines in advanced stage of development of testing 
e System components and control 

• Sensors 

• Microprocessors and control logic 

2. consider the use of fuel-injected engines in the on/off 
operating mode; 

• Fuel cutoff techniques 

, Engine startup at relatively high vehicle velocity 
(«30 mph) 
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• Emissions (steady-state NOjj emissions, sizing catalyst, 
warmup, fuel cutoff during deceleration) 

• Thermal effects and cooling 

• Accessory drives 

• Engine durability 

3. Selection and characterization of fuel-injected engines 
in the 60 - 80 hp range (probably four-cylinder) for use 
in the hybrid vehicle. 

NOTE WITH RESPECT TO SUBCONTRACTOR’S DATA 

It is understood that all data furnished hereunder may be 
furnished to the California Institute of Technology Jet Propulsion 
Laboratory and DOE and NASA with no restrictions. 
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HEAT ENGINE TRADEOFF STUDY 
NEAR-TERM HYBRID VEHICLE PROGRAM - PHASE I 


INTRODUCTION 

A heat eng ine/elec trie hybrid vehicle will employ hen engine power for high 
speed (e.g. above 30 MPH) cruising, and electric power for low speed cruising, 
acceleration, passing and hill-cl imbing. When the engine is turned on it will 
operate at or near the wide-open throttle (WOT) conditions to maximize ns 
efficiency. 

For a five-passenger highway vehicle cruising at a steady speed of 90 Km/hr 
(50 MPH), the power requirement is in the order of 30 HP. Since the engine 
efficiency peaks at 40 to 50'^ of the maximum engine speed, the engine maximum 
rated power should be sized between 60 to 80 HP for a hybrid vehicle. 

1.0 PRELIMINARY SCREENING OF ENGINE TYPES 

1.1 Selection Criteria 


Since the electric system (batteries, generator and motor) serves as a 
second prime mover, the cost, weight and volume coiistraints of a hybrid heat 
engine are more stringent than in con.'entional automobiles. The desired hybrid 
engine should be light-weight, durable and cost effective. 

A hybrid engine should meet the 1981 Federal Statutory Emission Standard 
as a conventional automobile. For modes of operation involving on-off, the 
emission control techniques developed for conventional automobiles can be 
adopted. 

Another consideration of the hybrid engine is its speed compatibility with 
the electric generator, especially for the system configurations where a direct 
coupling between the two components is required. For the on-off modes of 
operation, the fuel economy sensitivity to the speed or load variation also be- 
comes an important consideration. 
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In order to develop an engine by 1980 and for it to be ready for mass 
production by 1985, the present product maturity of the candidate hybrid 
engines is an important parameter in making the final selection of a heat 
engine for a near-term hybrid vehicle. 

1.2 Candidate Engines 

To make a rational selection of the most suitable hybrid engine, a set 
of screening criteria, which are based upon the req* irement discussed above, 
are developed. All feasible heat engines are identified and a gross evaluation 
of the engine characteristics against the screening criteria are performed for 
the selection of preliminary candidates A more in-depth tradeoff study of 
these preliminary engine candidates are followed and reported in the following 

sections. 

Table 1 shows such a matrix. The goal of the rated power range is set 
to be from 60 to 80 HP. The fuel consumption, weight and cost of various engine 
types, as classified by different thermodynamic cycles, are presented as the 
average value of each type relative to a typical conventional spark-ignition 
gasoline engine of equivalent power rating. 

1.3 Engine Type Selection 

From a fuel consumption point of view, turbo-charged diesel, Stirling and 
regenerative type gas-turbine engines offer better efficiencies than gasoline 
engines. However, both the Stirling engine and the gas-turbine in the 60 to 
80 HP range are still in early developmental stages. Their availability for a 
1980 demonstration will require substantial developmental efforts. Even though 
a 50 HP VW diesel engine is currently on market, it is not selected for the 
present study due to the uncertainty in the future Federal regulation on the 
exhaust particulate emission. 

Advance developments in the recent years on the Otto-cycle engines, particu 
larly on fuel delivery and the emission controls, have improved their fuel 
consumption significantly while sue essfully meet the Federal emission require- 
ments. To select an efficient and reliable engine for the near-term hybrid 
vehicle without substantial development of the engine system, an advanced 
Otto-cycle engine appears to be most attractive. 
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1 .4 Selection of An Qtto-Cycic Engine 


The air/fuel ratio for a spark-ignition gasoline engine should be carefully 
controlled In order to achieve the optimum engine efficiency which is obtained 
at an equivalence ratio, of approximately 1.1 where: 

_ actual vo lume of air drawn into engine 
^ " theoretical requirement of air for 

stoichiometric combustion 

The specific fuel consumption deteriorates rapidly as \ nK)ves away from 1.1. 

On the other hand, to meet the stringent exhaust emission regulations 
while maintaining a good engine performance, use of a three-way catalytic con- 
verter appears to hold the most promise in early 1980*s (Reference 12). To 
achieve high conversion efficiencies for all exhaust emissions — unburnt hydro- 
carbons (HC), carbon monoxide (CO) and oxides of nitrogen (NOx), the engine 
should be operated at an equivalence ratio around 1.0 and maintained It within 
a narrow range of ± 0.01. 

The electronic fuel Injection system with a feedback control of an oxygen 
sensor at the exhaust makes it possible to achieve the accurate control of the 
fuel delivery rate within the above narrow range. It has demonstrated capa- 
bilities and advantages which include: 

• Reduction of exhaust emission below the levels required by the 
1981 Federal Statutory Emission Standards. 

• Good vehicle perfornance and drivabillty. 

t Reliable. 

The technology has been well -demonstrated in many passenger cars currently 
In the market. Maturity of the technology and hardware as well as the demon- 
strated good perfornwnce and low emission make the EFI engine coupled with a 
three-way catalyst a logical choice for the hybrid vehicle In the early 1980's. 
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So far a strati fied-charged spark-ignition (SI) engine, such as the 
Honda engine (Reference 14). has not demonstrated its ability to meet 1981 
Federal emission standards without additional emission control equipment, such 
as a catalyst. Its fuel consumption is also not as good as a well-tuned EFI 
engine. The Ford Proco engine is still in the development stage and little 
information is available. 


A turbo-charged V-6 SI engine has been marketed by Buick in 1978. The 
power output has been increased by 50 v. However, so far a potentially better 
fuel economy has not been realized to a great extent (Reference 13). At WOT 
the fuel consumption is, in fact, poorer due to a fuel -rich requirement to 
help control detonation. Further technology development will be required until 
the turbo-charged SI engine becomes an attractive candidate for hybrid appli- 
cation. 


2.0 DESCRIPTION OF SYSTEM AND COMPONENIS 


2.1 Engine Currently Being Marketed 

Development of Electronic Fuel Injection (EFI) systems started in the 
1950's. Approximately 300 systems were first introduced by Chrysler Corporation 
during model year 1958. Concerns on exhaust emission control in the late 
1960's led to a more successful development in EFI. Robert Bosch of West 
Germany succeeded in marketing the first high volume production EFI system 
to Volkswagon in 1967. The EFI system developed by Bendix Corporation was 
introduced by Cadillac in its 1975 model. At the present time. EFI systems 
have been quite popular among many passenger car models. Table 2 lists some 
of the EFI engines and their emissions and performance data which are currently 
marketed. It is interesting to note that so far the only engines meeting 
1981 emission standards, especially NOx. are those using three-way catalysts. 

EFI systems for most of the foreign cars are developed by Robert Bosch, 
while for domestic cars, Bendix Corporation is the major supplier. 

The electronic engine control system developed by Ford Motor Company appli 
a similar principle as the EFI systems. Instead of using injectors for fuel 
delivery. Ford selected to modify the conventional carburator with a feedback 
control loop. In addition, data available (Reference 21) is not as extensive 
as that on the EFl systems. Therefore, the Ford system is not included in 
Table 1 as one of the Electronic Fuel Injection systems. 


table 2. EFI - ENGINES CURRENTLY BEING MARKETED 
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2.2 Advanced Engines under Development 


There Is expected to be no major technology break-through in the passenger 
car engine between now and the earl, 1980's. Existing basic engine typ« wiU 
be pretty much maintained. Major efforts in the near-term engine 
are in the fine-tuning of the existing engine types, especially m a ^tter 
control of fuel/air mixture through the improvement of either a carbu 
or fuel injection systems. It is believed that most of the fine-tuning 
techniques developed in the next few years can be adopted in thh heat engine 
selected for the near-term hybrid vehicle. 


2.3 System Components and Control 


The basic system, components' and control of an electronic fuel 
system for gasoline engines has been described in detail in published lUera ure 
(References 15-22). Despite some differences in design details among various 
irslrs" their basic principle of operation is similar. In these systems, 
detecting elements sense the engine operating conditions and 
mation in the form of electric signals to an electronic control unit. Pro 
cessing these signals, the control unit then detennines the amount of fuel re- 
q^rred by the engine and controls the proper fuel delivery to insure proper 

air/ fuel ratio. 


A typical EFI system is schematically depicted in Figure 1. 
a simplified block diagram of its feed-back control. The system 
sists of four subsystems: the fuel delivery, the air-induction. 
sensors, and the electronic control unit. 


Figure 2 shows 
generally con- 
the primary 


1-12 



Figure 1. TYPICAL ELECTRONIC FUEL INJECTION (EFI) SYSTEM 











Figure 2. SIMPLIFIED BLOCK DIAGRAM OF EFI SYSTEM 





2.3.1 Fuel Delivery Subsystem 


The su^system includes the fuel tank pick-up, an electric fuel pump, in- 
jectors for each cylinder, a fuel pressure regulator, supply and return line 
with a fuel filter. The fuel is held at a constant, low pressure (typically 
2.5 to 3 bars) prior to the injectors and return to the tank at no pressure. 

As a result, cool fuel is delivered at all times during engine operation and 
formation of vapor bubbles in the fuel circulation system is prevented. 

The solenoid-operated fuel injectors are installed in the intake manifold 
and spray fuel in front of the intake valves. Injection of fuel can be timed 
to take place for a group of injectors in order to reduce equipment costs. 

The amount of fuel delivered for each camshaft revolution can also be divided 
into two or more pulses to improve the uniformity in the dist»*ibution of the 
fuel mixture. For example, Bosch EFI-L system for 4-cylinder engines combines 
all four injectors into one single group and delivers two pulses of fuel in- 
jection for every camshaft rotation. 

Since the fuel pressure is maintained constant, the flow rate and the 
stroke of the injector valve stem is also constant (approximately 0.15 min.), 
the fuel delivery rate per injection is thus controlled by the valve opening 
duration which is determined by the electronic control unit as a function of 
engine speed and air flow rate. 

A separa\;ed injector is installed at the common intake manifold for cold 
start purposes. It has a swirl type nozzle for better fuel atomization and 
delivers extra amounts of fuel to enrich the mixture for easy starting. A 
thermo-time switch can be utilized to control the duration during which the 
start valve is switched on depending on the engine coolant temperature. 

This prevents the wetting of the spark plugs with a rich starting mixture. 
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2.3.2 Air-Induction Subsystem 


This subsystem Includes the Integrated Intake manifold* throttle-body 
assembly for primary air control, and an auxiliary air valve controlled by 
water temperature and supplies additional cold-st.rt air. 

Air flow measurements can be accomplished by sensing the throttle valve 
position, intake air pressure and temperature. The signals are input to the 
electronic control unit for air flow calculations. 

An advanced air- flow meter has been developed by Bosch (References 18 
and 19). The meter Is located at the upstream side of the throttle valve as 
Illustrated in Figure 1. One advantage of this system over the previous one 
Is that, if necessary, the exhaust gas recirculation (EGR) can be Incorporated 
without effecting the air flow measurement. 

/ 

2.3.3 Primary Sensors 

There are five prin^ary sensors: (a) An engine speed sensor Is usually 

mounted integral witr. the distributor. It provides the electronic control unit 
with data on engine speed for air flow calculations and engine phasing data for 
synchronizing injector-open timing, (b) An intake manifold pressure sensor 
measures absolute pressures in the intake manifold to provide for continuous 
calculation of air flow to the engine. This pressure sensor is not required 
If a separated air-flow meter is employed, (c) Throttle-position sensor provides 
both the absolute arid rate of change of throttle-position needed for fuel- 
injection control. It senses closed-throttle, part-throttle, or wide-open 
throttle and conveys this Information to vhe electronic control unit for 
electronic processing, (d) Three temperature sensors measure the intake air, 
engine coolant and catalytic converter temperature. An intake air temperature 
sensor is used in combination with the intake manifold pressure transducer to 
precisely determine the density of the inducted air. An engine coolant temper- 
ature sensor is mounted in the coolant passage and is needed for control of 
fuel enrichment, EGR cut-off or injection during cold operation. A temperature 
sensor is also mounted in the catalytic converter to control engine cold-start 
operation to accelerate catalyst warm-up period, (e) An oxygen sensor is mounted 
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in the exhaust manifold and measures oxygen concentration in exhaust gases. 
The output signal from this probe is used to regulate precisely the air/fuel 
mixture and makes it possible* together with the catalytic converter* to 
lower the noxious exhaust emissions. The most comnon oxygen sensor is a 
galvanic device with a zirconium dioxide solid electrolyte and a porous 
platinum electrode. 

2.3.4 Electronic Control Unit 


The ECU is the heart of an EFI system. It receives information from the 
sensors that monitor key engine operating parameters; it processes this infor- 
mation using a selected control logic and computes the exact fuel requirement 
relative to air flow; it transmits electric pulses to the solenoid-operated 
Injector valves. If necessary, the unit can also control E6R and other 
special operations, such as ignition advance. The current ECU utilizes inte- 
grated circuit to the greatest possible extent and has demonstrated excellent 
reliability. 

Recent developments on the microprocessor based, electronic engine control 
system (Reference 23) may offer a better performance and economic tradeoff of 
alternate design approaches in the 1980 's. This will increase the degree of 
freedom and accuracy of engine control and further improve the engine perfor- 
mance. However, many development efforts are needed to make it a reliable 
product in the harsh environment of the automotive application. It is con- 
sidered to be premature to be implemented into the present hybrid vehicle 
demonstration program. 



3.0 QN/QFF OPERATING MODE 

The heat engine for a hybrid vehicle will be frequently on or off at a 
relatively high speed (1200-1500 rpm) at wide-open throttle as opposed to a 
conventional heat engine which starts at low idle (/v^OO to 800 rpm). The 
frequent on/off mode will be a new experience for heat engine development. 

Some considerations on this unusual operation are discussed as follows. 

3.1 S tart-Up 

Two basic approaches can be adopted for controlling engine on/off 
operation: use of an engine clutch or a valve deactivation. 

3.1.1 Mechanical Clutch 

Use of a clutch represents the simpler approach of the two. The clutch 
engages or disengages the engine with the rest of the drive train during 
engine on or off cycle, respectively. The maturity and the availability of 
the component makes it attractive. However, several problem areas could be 
associated with this operation. First, since the engine will be turned on at a 
high speed, the vehicle at the instance of clutch engagement may experience a 
rough transition of speed due to the difference in engine speed and that of 
the drive train. A control system to improve the drivability will have to be 
•developed. Secondly, each time the engine is started, there may be a short 
period of metal -to -metal contact of the connecting rod and main bearing. This 
may reduce bearing life somewhat. An auxiliary oil pump and modified bearing 
design have been suggested (Reference 24) to alleviate this problem. 

3.1.2 Valve Deactivation 

The valve deactivation approach, on the other hand, does not have the two 
problems discussed above. Valve deactivators (valve selectors) were developed 
for cylinder cut-out (terms such as engine limiting or variable displacement 
engine are also used) applications (References 27-29). The concept is to cut- 
out a number of cylinders from operation from a multi-cylinder engine, such as 
a V-8, when the full power from all cylinders is not needed. This allows 
fewer cylinders to operate at near the wide-open throttle and minimize the 
engine fuel consumption. While cylinders are not firing, a significant 


amount of pumping work Is required to overcome the throttling losses across 
the intake and the exhaust valves. With valves being closed, the engine 
needs only to overcome the friction loss. Figure 3 shows the test data of 
motoring work for a typical V-8 and small L-4 engines. It is seen that wUn 
the intake and the exhaust valve deactivated, the motoring work to run an 
Inactivated engine can be reduced to an acceptable level. 

Incorporating valve deactivators, a hybrid vehicle engine will be at 
identical speeds as the drive train at all times regardless whether the engine 
is on or off. Drivability of the vehicle will not be penalized due to frequent 
on/off operation of the engine and the engine lubrication can be ensured. 

The hardwares of the valve deactivators have been well -developed for larger 
size engines (V-8 and 2» IL Pinto L-4) and their r:'liability demonstrated 
(References 28 and 29). Figure 4 illustrates the hardware design and its 
operation. Cost of adding valve deactivators for all cylinders is compatible 
with that of a clutch. The developed hardwares are, however, only applicable to 
engines having rocker arms in the valve train. 

For smaller size engines with overhead cams and no rocker arms, new 
designs and developments of a valve deactivator will be required. One 
feasible design is shown in Figure 5. This is a modified version from that 
developed by Eaton Corporation (Reference 29) which is designed to be installed 
on the rocker arm studs. When the upper and lower body projections are "in- 
phase” as shown in Figure 5, the upper and the lower bodies of the valve de- 
activator become one integral part and valve motion follows the cam profile. 

As the solenoid is energized, it rotates the upper body during the time when 
the cam is at its base-circle and forces the upper and lower body projections 
to be "out-of-phase". Body projections thus will be allowed lO move along 
the mating slots. The relative motions between the upper and the lower body 
permit the cam shaft to continue its rotation while the valves are deactivated. 
This mechanism requires only slight modification from the existing Eaton's 
hardware. Its development is considered to be of no major problem. Considering 
possible problems which may occur in the on/off operation with the clutch, 
it is recommended that valve deactivation be considered for the near-term 
hybrid vehicle. 
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igure 4. EATON'S VALVE SELECTOR MECHANISM (Reference 29) 





Figure 5. VALVE DEACTIVATOR 
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The sequence for turning the engine on Is as follows. First, the In- 
take and the exhaust valves are activated as the vehicle speed exceeds the 
desired level (e.g. 30 mph). After additional full crank revolutions, 
solenoids for the fuel Injections are energized to start the normal 
operation. 

3.2 Fuel Cut-Off 

As has been discussed previously, fuel delivery will be cut-off during 
vehicle deceleration and as the vehicle is at low speed (below 30 mph). The 
fuel injection should be terminated before the valve deactivation takes place. 
To avoid misfite or fuel rich for any one of the cylinders, the fuel cut-off 
and valve deactivation sequence should be carefully monitored. Figure 6 
Illustrates one of the fuel cut-off techniques. 

The example given In Figure 6 Is for a four-cylinder, four-stroke engine. 
Fuel Injections are delivered twice per engine operating cycle (720* crank 
angle). For each cylinder valves are deactivated at least two full crank 
revolutions after the fuel Is cut-off. This ensures that complete combustion 
will take place at every cylinder and prevent any unusually high unburnt 
hydrocarbon emission. 

3.3 Emissions 



3.3.1 Steady State 


Several investigations have been conducted relating to the effect of 
on/off operation for hybrid vehicles on their exhaust emission levels. 
(References 25, 26, 30 and 31). The effect of a hybrid operation on vehicle 
emissions depends on the operating characteristics of the system and the 
emission characteristics of the engine and its emission control strategies. 
Nevertheless, the hybrid vehicle, compared to its conventional counterpart, 
showed substantial reductions In both unburnt hydrocarbons and carbon monoxide 
emissions. This Is due to the elimination of engine Idling and low load 
operations. However, the oxides of nitrogen emission tends to Increase slightly 
for hybrid vehicles using a smaller engine than a conventional one. Again, 
this Is due to the wide-open throttle operation for a hybrid system. Table 3 
shows the potential emission reductions of hybrid systems from the conventional 
counterparts as reported by some earlier studies (References 30 and 31). 
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Table 3. POTENTIAL EMISSION REDUCTION OF HYBRID VEHICLES 


Changed From Conventional Vehicle (Based on GM/MILE) 



UHC 

CO 

NOx 

Reference 30 

-76% 

-40% 

+17% 

Reference 31 

-65% 

-40% 

+30% 


For an existing EFI engine using a three-way catalyst, the emission 
levels are significantly below the 1981 Federal standard as indicated in 
Table 2. Use of this system for the hybrid application will likely meet the 
emission requirements. Incorporation of more complicated emission controls, 
such as the exhaust gas recirculation (EGR), retarding ignition timing, two- 
stage catalyst and air-injection (References 32-35), are not considered to 
be necessary at the present time, but can be added to the engine if need 
arises in the future. 

3.3.2 Catalytic Converter 

The three-way catalytic converter proves to be the most effective way 
developed so far to reduce the toxic emissions below the regulating levels. 

In order to achieve high conversion efficiencies for all HC, CO and NOj^ emissions, 
the air/fuel ratio must be controlled in the vicinity of stoichiometries. 

Figure 7 shows typical emission-reduction characteristics of the three-way 
catalyst. As indicated, the equivalence ratio, X, (A/F / A/F of stoichiometries) 
must be maintained within a narrow bend of 0.995 to 1.003 in order to achieve 
85% or better conversion efficiencies for all three emissions. This accurate 
control of air/fuel ratio has been demonstarted with the electronic fuel 
injection system with an oxygen sensor feed-back from the exhaust as discussed 
in Section 2. Detailed discussions of the catalyst are also given in several 
publications (References 36-39). 
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Discussion with Matthey B1shop« Inc. personnel has concluded that for a 
1.6 little engine, the catalyst should be sized In the order of 100 cubic Inches. 
No major problems are foreseen for hybrid on/off operations. However, the 
following concerns should be Investigated during future testing. 

Durability due to the thermal “shock" In frequent on/off operation . 

Proper insulation of the catalyst material to reduce temperature 
variation and use of a metal support of the catalyst material (References 
38 and 39) can alleviate this problem. 

Cold star t. 

Catalyst will be effective only after it exceeds approximately 600*F. 

In addition to several alternate approaches which will be discussed In 
the following section, the metal supported catalyst also offers a faster 
warm-up period for the catalyst. 

Oven temperature . 

In case of misfire or extreme fuel rich operations, catalyst material 
may be damaged If the temperature exceeds 2500®F. With accurate fuel In- 
jection controls using EFI and the fuel cut-off strategy described In 
Section 3.2, this problem should be minimal. 

3.3.3 Cold Start 


In some conventional vehicles, over 50% of the total HC/CO emissions are 
produced during the first several minutes of urban driving cycle tests while 
the engine Is still cold (Reference 35). For a hybrid vehicle the engine will 
be turned on only at high speed and wide-open throttle, cold start HC/CO 
emission will probably be less severe. However, means to confrol this high 
HC/CO emission should still be Investigated. 

At cold start both the oxygen sensor and the catalyst are Ineffective'. A 
swirl-type cold start Injector and hot-spot in the Intake manifold should be 
Incorporated to promote fuel atomization and vaporization. Fuel enrichment and 
spark retardation can be utilized to provide fast warm-up of exhaust gas. Pre- 
heat systems at the Intake manifold and exhaust system, which are heated with 
the battery electric power, will accelerate warm-up of air, exhaust gas and 
catalyst material. Since production of cold start HC/CO is a complicated 
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phenomeon and no accurate analytical tool Is available to carry out a 
reasonable prediction, development of cold-start emission control should be 
conducted during the actual test. 

3.3.4 Fuel Cut-Off 

Even though some HC spikes may be anticipated during the fuel cut-off, 
testing conducted by Ford (Reference 28) did not Indicate any noticeable 
Increase In total HC emission with accurate electronic fuel control. 

3.4 Mechanical Effects 


The four areas which will be considered are structural effects, wear 
characteristics, noise and thermal effects, all of which are affected to some 
degree by the change In speed range and engine on/off operating mode, while 
the Increased number of start-ups Influences only wear. 

The structural loading of the reciprocating elements of an Internal com- 
bustion engine consists of a combination of the cycle combustion pressure 1 ■- 
duced forces end the acceleration loads of the elements. Since only small 
variations In pressure occur due to speed variation, and since the acceleration 
loads Increase as the square of the speed, these inertia forces will be sig- 
nificant In this discussion. The design of the reciprocating elements Is 
based on a cyclic life requirement, and Is generally predicated on fatigue 
loading and characteristics. The effect of cycle forces Is even further reduced 
since the contribution Is basically a compression stress In the elements (above 
top dead center where forces are highest) and fatigue Is primarily associated 
with tension stresses. 

The data shown In Figure 8 for a typical material Indicates that fatigue 
properties are fairly constant for a life greater than one million cycles, which 
Is less than one percent of the design life of a typical automobile engine. It 
Is thereby unlikely that the hybrid engine's operating speed range will have any 
Impact on the design of these elements, since their design always accommodated 
operation at full speed for a finite portion of engine life, and the flatness of 
fatigue allowables Indicates little. If any, changes In design would be necessary. 
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Figure 8. CYCLIC FATIGUE STRESS 

The crankshaft, cam shaft, flywheel and other rotating members are subjected 
to tensile stresses through bending and/or centrifugal force, both of which are 
speed related. Again, however, the flatness of the fatigue curves and reduced 
number of cycles provide design adequacy. 

The engine bearings are designed to satisfy operation over a range of 
operating speeds, but the most severe operation occurs during start-up, before 
an oil film can be established and when metal -to-metal contact initially exists. 
Hydrodynamic bearing design is simplified as the operating speed range is re- 
duced. Problems with whirl are reduced and bearing geometry can be optimized 
to enhance bearing life. The significant number of start-up cycles could 
conceivably create a wear problem, however, since metal -to-metal contact can 
occur without the hydrodynamic film effect. If a problem is encountered, 
solutions include: 

• A hydrostatic system utilizing either a separate oil pump 
or pressurized container to be used only at start-up. 

• Incorporation of rolling element bearings. 

• Incorporation of improved wear characteristic bearing materials. 

• Redesign of bearings to extend capability. 

• Adept valve deactivation techniques to maintain engine shaft 
rotation. 
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The noise problem of the hybrid engine will be attributable to the wide- 
open throttle operation or 'ligh engine speed to charge the battery at low 
vehicle speed if it is needed. The road noises generally encountered along with 
high speed engine noise in common proportional systems tend to balance each other. 
Some methods of reducing this effect are to utilize the reduced speed range to 
advantage by providing improved mechanical balancing and damping systems, tuning 
of the circulation systems to optimize at the higher flow rates, and enhanced 

acoustic insulation. 

The frequent on/off engine operation Introduces more cyclic thermal variation 
of the engine parts. Similar to the cyclic fatigue characteristics of a con- 
ventional engine design which falls at the flat portion of the fatigue curves, 
it is believed that additional thermal cycles in hybrid applications will not 
require substantial design change. However, to minimize the thermal cyclic 
effect and improve cold-surt capability and emission characteristics for the 
next engine on-cycle, the fan and water pump can be turned off during the engine 

off cycle. 

■\ 
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4.0 SELECTION AND CHARACTERIZATION OF HYBRID VEHICLE ENGINE 

4.1 Salection of the Engine 

Based on the tradeoff studies discussed above. It Is concluded that an 
EFI engine combined with a three-way catalyst appears to be the best candidate 
heat engine system for the near-term hybrid vehicle. As shown In Table 2 of 
Section 2.1, EGR alone will be unable to reduce the nitrogen oxides emission 
below the 1980's regulatory level without severe penalty on engine performance. 
Since NOx level for a hybrid vehicle Is expected to be higher than a conven- 
tional counterpart, as discussed In Section 3.3.1, use of a three-way catalyst 
presents a logical choice. 


One existing EFI engine In the size of 60 to 80 HP Is a 97 CIO, L4 VW 
engine. The engine specifications are listed In Table 4 for reference. A 
smaller engine Is also made available by VW In Europe. It Is a 4-cyl1nder, 
80 CIO, EFI engine delivering 61 HP at 6000 rpm. 

TABLE 4. ENGINE SPECIFICATIONS FOR VW 97-CID (1.6 L) ENGINE 


Number of Cylinders 

Bore 

Stroke 

Displacement 
Compression Ratio 
Cylinder Head Type 
HP at Engine Speed 
Torque at Engine Speed 
Fuel System Type 
Maximum Air Flow 
Emission Control 


4 

3.366" 

2.717" 

96.66 1n3 
8:1 

Overhead Cam 
75 at 5800 rpm 
73 ft-lbs at 3500 rpm 
EFI 

98 CFM 

EGR/OXI. CAT. 
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4.2 En gine Characteristics 


Using an EFI and the feed-back control from the oxygen sensor at the ex- 
haust, a remarkable control of air/fuel ratio can be accomplished. Figure 9 
shows the equivalence ratio operated In a VW-1.6 L engine. The air/fuel ratio 
can be practically controlled within 1% of the stoichiometric ratio. Fuel en- 
richments are incorporated in this engine at the wide-open throttle (WOT) and 
idling conditions for extra power requirements. For hybrid vehicle this fuel 
enrichment is not considered to be necessary except during the cold-start 
condition. Figure 10 is the performance map for the same engine. As can be 
seen, the best engine efficiency occurs approximately at 94% throttling-opening 
at mid-speed range. As the fuel enrichment at WOT is eliminated, the best 
engine efficiency will take place at WOT. Thus, if a hybrid vehicle using a 
VW-1.6 L engine is operated between 1500 and 4200 rpm and 90% to 100% throttle 
openings, the engine efficiency throughout the operating range can be maximized. 

Table 5 lists the performance and emission characteristics at various speeds 
and loads of the VW-1.6 L engine. All emission data shown is the measurement 
without the catalytic converter. When a three-way catalyst is used, based on 
the catalytic conversion efficiencies shown in Figure 7, reductions of the HC, 

CO and NO^ emissions should be 94, 91 and 90?-, respectively. It is also noted 
that high CO and low NOx emissions at full load (WOT) conditions are due to 
the fuel enrichment incorporated in this engine. 

For the smaller VW-1.3 L (80 CID) engine, similar engine characteristics 
are found. Figure 11 shows the performance map while Table 6 lists the perfor- 
mance and emission data. 


BRAKE HORSE POWER (HP) 



80 


FIG. 10. PERFORMANCE MAP FOR VW-1 .6 L (97 CIO) EFI ENGINE 
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Table 5. PERFORMANCE AND EMISSION TEST DATA FOR VW-1.6 L ENGINE (continued) 
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All emissicm data before catalyst 
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Table 6. PERFORMANCE AND EMISSION TEST DATA FOR VW-1.3 L ENGINE (continued) 
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All emission data before catalyst. 


Table 6. PjERFORMANCE AND EMISSION TEST DATA FOR VW-1.3 L ENGINE (continued) 
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23.9 41 .729 34.35 3.29 21.04 

11.7 20 1.145 46.32 3.33 19.49 


Even though the 130-CID Volvo engine (Reference 14) may be slightly over- 
sized (90 HP at 5200 rpm) for the five-passenger hybrid vehicle, its character- 
istics offer several interesting comparisons with the smaller VW engines. Con- 
trary to the VW engine, the Volvo engine does not implement fuel enrichment at 
WOT and idling. Also, instead of maintaining slightly lean mixtures (X > 1.0) 
as shown in Figure 8. as in the VW engines, it maintains a slightly rich (X < 1.0) 
mixture throughout most of the operating range. \\\e range of the equivalence 
ratio is 0.995 4X4 1.001. As a result, the Volvo engine has its best engine 
efficiency at WOT as shown in Figure 12. 


The slightly better engine efficiency for the Volvo engine is attributed 
to a slight advance of ignition timing. At 2500 rpm and full load, for in- 
stance, the ignition timing is 28® BTDC as opposed to 25.6® BTDC for VW 1.6 L 

engine. 


Operating at slightly rich mixture also offers an advantage of lower NO^ 
emission. Figure 13 shows the comparison of specific emission levels before 
catalyst at 2500 rpm engine speed. The Volvo engine produces lower NO^ 
emission than the VW. After the three-way catalyst, all three emissions are 
substantially reduced. Table 7 lists the Volvo engine emission levels after 
the three-way catalyst. Figures 14, 15 and 16 are the emission maps super- 
imposed on the performance map for BSCO, BSHC and BSNOx. respectively. As can 
be seen, operating at WOT not only offers a better fuel economy, but also re- 
sults in lower combined emissions in general. 
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FIG. 12. PERFORMANCE MAP FOR 1977 VOLVO 130-CID EFI ENGINE 
90BHP@5200RPM 
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FIG. 13. COMPARISON OF EMISSIONS 

BETWEEN VW & VOLVO ENGINES 



Table 7. PERFORMANCE AN^ EMISSION TEST DATA FOR VOLVO 130 CID ENGINE 
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Table 7. PERFORMANCE AND EMISSION TEST DATA FOR ’ OLVO 130 CID ENGINE (continued) 
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Table 7. PERFORMANCE AND E’TSSION T EST DATA FOR VOLVO 130 CID^NGINE (continued) 


ec\ 

CL 


CM 

in 


00 


g 
^1 ‘ 


M ^ ^ ^ ^ 

o o »— 

^ ei* CM r- ^ e- 


o 

r> 


£ 

Cl 

QC 


X 

oc 

Ul 

§ 

o. 


•• ^ 9 
§ 


io| 


in 


<n 

vO 

fO 

cn 


^ in 

lO 

CO 

o> 

CO 

f 

CO 

lO 

cn 

CM 

r*»» 

CM 

(/) CO 

z 

o 


• 

9 






in o 
m o 
in 
£ 03 
Ul 

1 ^ 
1 ^ 

4.98 

3.82 

3.1 

2.335 

3.03 

5.36 

7.23 


»*4 


z ^ 


off 

U. CL 
oo 


Z sJ ffi 

UJ T? -ij 

U. 


iO 


o 

CM 

CM 


CM 


5\ 

In 

in 

lO 

VO 

s 

in 

lO 

• 









8 0 in o o o o 
wo ^ CM P- 


1-47 


FIG. 14. BSCO MAP FOR 1977 VOLVO 130CID ER ENGINE 
90BHP@5200RPM 



PERCENT OF MAX. SPEED (%) 




FIG. 15. BSHC MAP FOR 1977 VOLVO 130-CID EFI ENGINE 
90 BMP @ 5200 RPM 



PERCENT OF MAX. SPEED (%) 
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ASSESSMENT OF BATTERY POWER SOURCES 


GENERAL^ ELECTRIC 


WORK STATEMENT 

ESB Technology Company 
Yardley, PA 19067 


INTRODUCTION 

Contract No. 955190 betwe^'n California Institute of Technology 
Jet Propulsion Laboratory and General Elect. ic Company covers a 
p?Lram entitled "Phase I of the Near-Term Hybrid Passenger Vehicle 
Lvelopment Program" under which studies shall be 
ing to^a preliminary design of a hybrid Passenger vehicle that is 
projected to have the maximum potential for ^ 

eonsumotion in the near-term (commencing in 1985). Effort unaer 
Contract 955190 is being conducted pursuant to an Interagency agree- 
Snt between the LpartLnt of Energy (DOE) and the National Aero- 
nautics and Space Administration (NASA) and in In- 

under Prime Contract HAS7-100 between NASA and the 
stitute of Technology. This work statement covers batte^ tech 
nology under General Electric Purchase Order A02000-220267. 

SCOPE OF WORK 

In support of General Electric Corporate Research and Develop- 
ment- s work^under Contract 955190, the Subcontractor shall furn^^^^ 
the necessary personnel, materials, 

wise do all things necessary for or incident to the performanc 
of the following tasks. 

1. Provide consultation, as requested, on lead-acid batteries, 
such as: 

• Review of weight, size, performance characteristics of 
batterie based upon ISOA development program 

• Provision of cost estimates for such batteries in pro- 
duction quantities 

• Provision of estimates of cycle life of such batteries 
as a function of depth of discharge 

2 Review prospective performance capabilities, cost and 
state-of-the-art of other promising battery types 
recommend which one of them would appear to be the most 
suitable for use in the hybrid vehicle propam. (It is 
recognized that considerable judgement must go into this 
recommendation, with some risk for error.) Provide the 
rationale for this recommendation. 

3. Provide estimates of performance °^®^^?teristics for the 
battery system recommended in Item 2, including the folio 

j ng: 
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• Weight 

• Size 

• Specific power (W/lb) as a function of specific energy 

(Wh/lb) ^ 

• Terminal voltage versus ampere-hours of discharge for 
various values of constant current 

• Approximate values of charge voltage as a function of 
charge current and state-of -charge 

• Charging restrictions, such as maximum voltage and 
current 

• Cost 

• Hazards 

• Cycle life as a function of depth of discharge 

4. Define development steps needed in Phase II of program 

to make the battery selected in Item 2 a viable selection. 
This would include cost estimates. 

5. Provide inputs for Trade-Off Studies Report. 

6. Provide inputs for incorporation in the General Electric 
Phase II proposal. 

7. Perform a series of tests on two existing battery systems 
to determine the capability of the batteries to supply 
high current pulses in accordance with the "Pulse Testing 
of Batteries" two-page work description. 

NOTE WITH RESPECT TO SUBCONTRACTOR'S DATA 

^®spect to Tasks 1 through 6 the following paragraph 

It is understood that all data in the Subcontractor's reports, 
furnished by the Subcontractor to General Electric Corporate Re- 
search and Development hereunder, may be furnished to the Cali- 
fornia Institute of Technology Jet Propulsion Laboratory and DOE 
and NASA with no restrictions. 

With respect to Task 7 the following paragraph applies: 

It is understood that only Form, Fit, and Function data will 
be provided for the ESB batteries to be tested under paragraph 7 
of ARTICLE II. No description of the batteries will be required 
other than that given in the two-page Attachment to this Instruc- 
tion. Accordingly, it is hereby agreed that ESB's EV 106 and ex- 
perimental XPV 23 batteries to be tested hereunder shall not be 
subject to paragraphs (g) and (h) of Article 31. Righ ts in '^ech- 

P^ta of the General Provisions incorporated in Exhibit *'A" 
dated 78 Oct. 16. 
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Page 1 ot ^ 

Attachment to 
Instruction No. 1 
to Purchase Order A02000-220267 
79 Mar 02 


Pulse Testing of Batteries 


Program Definition 


Data on the performance of EV batteries at various constant cur- 
rent pulses is not available. In order to permit an accurate 
assessment of the batteries capability for supplying high current 
pulses a series of tests on two existing battery systems will be 
conducted. 

Test Units 

ESB Technology Company will provide for test (at no charge to GE) 
the following units: 

Unit (A) 2 EV 106 batt iries connected in series 

Unit (B) 2 ESB Experimental Type XPV 23 Med 3 

These units remain the property of ESB Technology Company. 

Test Sequence 

1. "A” test units: 

a) Constant current discharge @ 60 A. Room temp - to 
limiting battery voltage (5.10) with discharge continued 
to 4.5 V. Recharge (to stabilized gravity level). 

b) Pulse test at 500 A as detailed below. Recharge (to 
stabilized gravity level). 

c) Repeat (a) . 

d) Pulse test (b) 0 400 A. 

e) Repeat (a). 

f) Pulse test (b) 0 300 A. 

g) Repeat (a). 

2. "B" test units: 

Repeat test sequence 1 (a through g) . 

Pulse Test - (A & B Test Units) 

A. 1. Discharge for 12 min (10?. DoD) 0 60 A. 

2. Discharge for 15 sec 0 500 A (Sequence b) . 

). Discharge for 18 min (25% DoD) 0 60 A. 

4. Discharge for 15 sec 0 500 A (Sequence b) . 
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5. 


B. 

C. 


6 . 

7. 

8 . 

9. 

10 . 


Djscharqo for 12 min (1^,% dqD) @ 60 A. 
Dinchargo for 10 soo P 000 A (.Soquoneo b) . 
Stand open circuit lor 1 min. Rocjon. 
IHncharge tor 10 noc 0 OOO A (Sequence b) . 
Stand open circuit for 1 min. 

Bisclwrgo lor U. aoc d 5„o a (Soquonoo b) . 
U. nischargo for 18 min (50V, DoU) d 60 A. 

12. Mschargc for 15 sec (1 500 A (Sciiuence b) . 

13. Discharge for 12 min (60^ DoD) @ 60 A. 

14. Discharge for 10 sec (J 500 A (Sequence b) . 

Discharge for 18 min (75% DoD) @ 60 A. 

16. Discharge for 15 sec @ 500 A (Sequence b) . 

. Stand open circuit for 1 min. 

18. Discharge for 15 sec @ 500 n. 

19. Stand open circuit for 1 min. 

20. Discharge for 15 sec 0 500 A. 

21. Discharge for 6 min @ 60 A. 

1 through 21 - Pulse values are 400 A. 

1 through 21 - Pulse values are 300 A. 


Data Collection 


Record - Amperes 


- Battery Volts 

“ Ampere-hours discharged 

- Watt-hours discharged 


10 data bits before 
25 data bits during 


and immediately after pulse 
pulse 


Temp . 

Sp.dr. at beginning and (uid of test. 
Battery size and Weight 


Brief description 
on construction 


of baf t 
weiifht 


e 

s 


ry con.struction - no i-'iopri 
, etc. win i>e provided. 


o 
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1 . INTRODUCTION 


The initial detailed work statemer,.: specified the work to be performed on 
battery system evaluation was: 

(1) Review battery characteristics [Wh/lb, vW/lb) steady' (W/lb) peak' 

cycle life, cost, etc.] used in hybrid povvertrain screening studies. 

(2) Lead-acid batteries (ISOA and advanced) - provide quantitative dis- 
cussion of the following: 

(a) Relationships between battery voltage and other battery 
characteristics (ex. size and weight, lifetime, cost, power 
density, etc.) 

(b) Differences in design of batteries for hybrid as compared to 
all -electric vehicles. 

(c) Battery life as a function of average depth of discharge before 
overnight charging; criteria for indicating depth of discharge and 
battery depletion in a hybrid vehicle. 

(d) Relationships between depth of discharge and capability of bat- 
tery to meet peak (pulsed-secs) power demand. 

(e) Analytical model and supporting data for charging battery using 
heat engine on the road while driving. 

(3) NiZn and NiFe batteries - provide quantitative discussion of the 

following: 

(a) Projected potential of NiZn batteries especially high power 
capability and lifetime; effect of average depth of discharge 
on battery life. 

(b) Projected potential of NiFe batteries especially high power 
capability and self-discharge tendency. 
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(c) Attractiveness of a hybrid battery pack using NiFe with a NiZn 
or Pb-acid; lifetime of the secondary storage battery (Pb-acid 
or NiZn) used in hybrid mode. 

(d) Optimum voltage and package size for NiZn and NiFe batteries. 

(e) Maintenance requirement of NiZn and NiFe batteries in vehicle 
applications. 

(f) Modeling of NiZn and NiFe batteries in vehicle simulation programs. 
(4) Provide estimates of costs (OEM in 1978 dollars) of lead-acid, NiZn, 

and NiFe batteries; discuss the effect on cost of various battery 
characteristic trade-off (ex. lifetime and energy density, high power 
capability, etc.). 

Subsequent discussions at ESB on December 5, 1978 provided further clari- 
fication on the information to be p’*ovided. The battery assessment was to utilize 
the following guidelines: 

Battery technology as of 1981 with adequate battery units available 
in prototype quantities. 

b. Prototype quality must be adequate to provide 100,000 systems/year 
in 1985. 

(2) Candidate battery systems are: 

Lead Acid - ISOA 

Lead /"cid - Advanced 

NiZn 

Li-S 

NaS 

(3) Performance of vehicle must be comparable to 1/c unit, i.e. 0 to 60 
mph in 15 sec. 
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(4) f’oak power for accGloration (passing) may be up to 2b sec. in duration. 

(r>) Concept is to maximize use of battery and minimize use of internal 
combustion engine. 

(6) Vehicle should reach its daily end of duty cycle with the least possible 
battery reserve and least use of petroleum based fuel. 

2. STATUS OF COMPFIITIVE BATTERY FOR HYBRID VEHICLES 
2.1 Lithium Metal Sulfide Cell Systems 

Appendix A contains the technical analysis and performance data available 

on this system. Some additional facts are worth noting:- 

• During the last few years the power characteristics of the system 

have been improved but at a sacrifice in cycle life, or the cycle life has 
been increased at a sacrifice in power output. 

• The cost data given in Table 5 does not include cost of the oven to 
maintain battery/cell at desired temperature. 

• Cost is based on having capitalization to do mechanized assembly in 
dry boxes or in controlled atmosphere areas. 

• There do not appear to be significant freeze-thaw problems in the Li- 

FeS system. 

• S/stem must use cylindrical vacuum type thermos chamber to contain 
prismatic cell to meet heat loss goal of IbO W on 40 Kwhr l»attery. 

• Overcharging results in the developimuit of Fe. which corrodes lower 
cost current collectors. ANL reports they have developed a cell 

hi -pass system (at a cost of $B.00/Kwhr that can handle up to 5‘ of 
the current in a series string oi cells on overcliarge. 

• Major Obstacles to be overcome are: 

• Economics - oven costs and nxchanical assembly in glove box. 
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• Power per unit Wt. simultaneously with acceptable cycle life. 

• Offers possibility in 1990's if above obstacles can be overcome. 
2.2 Sodium Sulfur System 

Appendix B contains technical data and analysis of this system. 

• Chloride in England will provide first real test of the system in 19,9. 

There still remains the problem of p alumina tube and seal reliability 
(and cost); 

• Progress has been made in overcoming the corrosion problems by placing 
the sodium of the outside of the p alumina tube and thus permit use 

of carbon steel containers. 

Freeze-thaw problem remains and warm-up after freeze becomes major 
problem as cells get larger in size. Thaw problem appears to be related 
to differential expansion of sulfur and p alumina causing tube cracking 
at glass seal interface. 

• Calcium and potassium impurities in Na decreas. life of p alumina in 
cycling tests. 

. Overcharging is not permitted. While NaS systems do not develop gas 
pressures, insoluble compounds are formed in the sulfur mix which 
increases the cell resistance and cause imbalance in the series - 
parallel assembly 

• Major obstacles to be overcome 

• Economics (tube costs are 02.5O/sq. cm with goal of 1-2 c/sq cm of 
surface) 

• Reliability and cost of seals 

• Reliability and cycle life of p alumina lube 
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• Freeze- thaw problem 

• Safety under EV mechanical environment. 

2.3 Conclusions re Molten Salt Systems 

1. Life cycling data is sketchy 

• British Railroad 6 cell 250 Whr unit gave 1000 cycles. 

(a) R. J. Banes & D. A. Teagle - Experimental Study of Six 
Interconnected Na-S cells, J. Power Sources 3, 45 (1978). 

2. Cell and component evaluations are still being actively pursued but 
few batteries have ever been assembled and/or tested. 

3. First Molten Salt application will be '83 BEST facility test of 2.5 

M Whr. Na-S battery. Chloride will be testing a Na/S battery in a van 
in '79. 

4. Reliability in 6 alumina tul es is a continuing problem. 

5. System does not appear suitable for consume** EV usage since safety is 
still of major concern. 

Cell balancing by overcharge is not feasible due to the inability to 
overcharge without permanent damage to cell. 

7. Thermal shock problems remain unresolved as to how to survive start up 
after freezing in large Na-S cells. 

8. Seal reliability continues to require study and furttier improvemetit. 

9. Basic material costs do not look too excessive with Na (>^ 4lC/lb but 
substantial capital investment will t>e reiiuired to minimize costs. 

10. i-' alumina cost reduction will only be achieved as a consequence of the 
development of a load leveling or other large market demand. 

11. Power density of molten salt cells is not attractive. Present prediction 
is that power/Wt and cycle life cannot be mutually achieved; NaS has 
better capability than Li(Al)/E 5. 
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11. • Na/S requires substantial paralleling of cells. 

• Li/FeS can multiple plate cells thus reducing need for paralleling. 

12. Molten Salt 

• Systems will not be developed to permit "battery" evaluation to be 
completed by 1981 on a single design concept. 
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2.4 Nickel Iron Battery System 

Appendix C contains the technical analysis and data on this system. As 

indicated, non proprietary data is limited but additional comments are warranted. 

NiFe 

• Best nickel iron cells in Europe are Daug (German) cells but little 
data are available although tests have been underway for some time. 

• Swedish Su iron electrode costs are said to be 1/3 of Ni electrode cost 
but since process is proprietary these cannot be justified. 

• Swedish Su electrode is reported to have highest efficiency due to .8mm 
thickness. Westinghouse iron electrode is reported only 60/70% as ef- 
ficient as SU. 

• Problems of iron contamination on nickel electrode are beginning to 
be reported. 

• Thermal control is required since NiFe system is inherently inefficient 
at high and low temperatures. 

• Water addition and frequent servicing is n*’ ded. 

• Electrolyte circulation has been proposed as a means of overcoming thermal 
problems but this introduces even more difficult problems. 

• O.C. capacity l.jss is 2.2%/day for the SU electrode. 

• Low cell voltage necessitates additional cells in series. 

1.1 2v for NiFe vs l.SOv for NiZn vs 1.95v for Pb. 
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2.5 Nickel Zinc Battery Systems 


Appendix D contains the technical analysis and data on this system. Major 
emphasis has been given to conventional nickel zinc systems since data on the 
ESB Vi brocelT^'’ system is still lii..tted. Additional comments on the nickel zinc 
system follow. 

• Cycle life is still the major problem. It is aggravated by very 
high temperature rise during cycling of present cells. 

• System tests with large size cells in excess of lOOv show wide 
performance variations. 

• Zinc poisoning of the nickel electrode is emerging as a problem. 

• Separators for EV-Hi power applications are still sought. In- 
organic separators that reportedly have long life are too re- 
sistant to permit high rate discharge. 

• Cost of Ni and cost of cell assemblies remain as major obstacles. 

The ESB Vibrocell®capacity degradation with cycling appears to be less than 

with conventional cells. 

• Vibrocell®is probably more sensitive to power demands due to need 
for spacing between electrodes. 

• Polarization appears to be minimal in the v’ibrocell®negative. 
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2.6 Lead Acid Batteries 


The lead acid battery has been the most widely used power source for propelling 
electric vehicles in use today. The golf cart, the forklift trucks, and mine loco- 
motive are typical examples of motive power use. In general, these applications stress 

long life, reasonable power and energy density and cost. Weight has never been of 
major concern. 

The other major usage of lead acid batteries is the SLI market where major 
emphasis has been directed toward maximizing cold cranking (amps) performance. 

The Department of Energy's contracts with ESB, Globe and C&D (Eltra) managed 
by Argonne National Labs are directed at two levels of improvement. 

1 . Improved State-of-the-Art. 

2. Advanced Batteries. 

These goals are given in Table 1. Each of the three subcontractors has ex- 
pressed confidence in being able to simultaneously achieve all of the ISOA goals. 

Figure 1 shows a typical Ragone plot (Watts/Kg vs Watt hr/Kg) for the present 
Golf Car (LV106) battery to which have been added a line for "Improved Golf Car" 
and the ISOA and Advanced Battery goals. Data from ESB experimental cells and 
batteries tested in July 1978 have been added to indicate performance that has 
been achieved. Similar results have been indicated by other DOE contractors. Life 
test data is still being accumulated but the risk in this area does not appear to 
be too great. Cost goals (based on '76 estimates) should be achievable; actual 
prices will rise since '76 estimates were based on 25^/lb lead with Feb '79 lead 
at the 44C/lb and rising! 

Since this development effort is based on "Improving the State-of-the-Art", 
manufacturing facilities are available to supply initial requirements for the EV 
market and scale up can be accomplished on a schedule consistent with the scale up 
required by the vehicle nanufacturers. 


2-15 






C3 

LU 


O 

I 




O 

Ln 


I » 

S Si 

§ po 


G 

G 




iD 

O 

O 

LA LO 
CM 

U3 


^ O O 
X 4* O 
in rH 

•» 

CM 


oo cr 

I I 
CT CM 


oo ir 

I I 
cr CM 


o 

CD 

o 


o 

UD 


o 

I 

UD 

o> 


o o o 

O LA UD 
CO 


O 

CD 

CT) 


U 

X 


u 

< 

OL 

< 

u 

o: 

X 

hA 

< 

cn 

< 

Q 

UJ 


a 

CO 




1 

u 

UJ 













LU 

NA 



o 

> 



32 










LU 

lU 


<c 

r-t 

UJ 



U 










CJD 

,x 



1 

o 






CD 







•sC 

t— 

o 

o 

rH 


< 


X 

O 


> 







h- 


r“ 


NA 

> 




X 


< 







«U 

• 




cc 

oc 


rc 








#<— N 


o 

UJ 

H- 

< 

H* 

lU 

X 



X 


A 





X 

Q 

> 

(D 



C^ 

H 

1 


s 

X 


CD 





X 

N 


X 




H 



o 

1 

O 

UJ 





1 



< 


LU 

c2 

< 





X 

CO 



OO 

"g 

Ni^ 

o 

X 



h— 

CO 










CO 

X 



o 



2s: 




2 


DC 

LA 




LU 


>• 

I— 



o 

o 

> 

> 


o 



f— 1 




CO 


CD 

•a: 

X 


CO 

CD 

a 

H 


»«• 

>— 




/— N 


on 


sg 


X 


oc 


< 



CO 

CO 

on 

1 


X X 




LU 

— j 

1 




X 

u 


z 

on 




IX 3D 


*T" 

o 


•a: 

oo 





< 


LU 


S 

>- 




CD 

>- 

CD 

H— 





X 

Q. 

O 

X 


o 

on 




w * 

55 


CO 






< 

UJ 


UJ 

cx. 

LU 

LU 

LU 


*mmrn 

on 

Li. 


LU 




' 

C^ 

H 

n 



H- 


CO 


n 

LU 

LL. 

iMt 

CD 




u. 


< 


o 

CD 

H— 

CD 

OO 




LU 


X 




ce 

>• 

oc 

>- 



<C 

>- 

LU < 


OU 



—J 

< 




a 

oc 


oc 

UL. 

U- 

OQ 

CD 

CO DC 


LU 

•M, 


<: 

X 





ui 


UJ 





on CD 


ysf 

LU 

55 

o 

u 





H- 

O 

H 

CD 

CD 

xn 

>- 

CO 

LU 

5 

CD 

on 


(/) 





H 

o 

H 

LU 

LU 

<c 

P- 

33 

U. 



LU 

cu 






< 

rH 

< 

CU 

Q- 

LU 


C^ 03 



on 


>- 

Q 





CQ 


PQ 

CO 

CO 

a. 

O 




Q- 

LU 

h- 



















UJ 


















H 


















< 

X 


















hA 





• 


m 

• 

■ 


• 


■ 


M 

• 

• 






rH 


CM 




LA 


CO 


fM 

OO 


< 


LU 

H 


2-16 




OF A BATTERY TO 1.75V/CELL AT 26.7*C (80*F) 

®80Z DEPTH OF DISCHARGE FROM RATED CAPACITY, 

^PrICE F. 0. B. TO AUTO MANUFACTURER WITH PRODUCTION A/10,000/YR. 

®At BATTERY TERMINALS INCLUDING AUXILIARY EQUIPMENT/ EXCLUDING CHARGER. 
^For compact passenger car. 


SPECIFIC POWER, W/kg 


ISOA 


60 U ^OLF CAR 


.DISCHARGE 
TIME, hr y 


r-ADVANCEC 

f > 

\ / 


-M: 

CtfcL: 


-y 


ysEMi- / 

INDUSTRIALS 


^^IMPROVED 
GOLF y 

CAR y 


\-^SLI 


6 10 20 40 60 
SPECIFIC ENERGY, W-hr/kg 

I III I 

0.02 0.04 0.06 0.1 0.2 

SPECIFIC ENERGY, MJ/kg 

Performance of Various Lead Acid Battery Systems 


Figure 1 
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ORIGINAL PAQI |g 
OF POOR QUALITY 


The goals of the Advanced Battery program are more severe and will require 
significant breakthrough to simultaneously achieve all of them! Achievement of 
several goals with a relaxation of others appears to be a more moderate level of 
achievement in the next two to three years, 

Based on the best available data, the performance of the lead acid battery 
available in 1981 to meet the Phase I Hybrid goals will be that described by the 
DOE ISOA program. 



Energy Storage and Power Parameters( Projected to 1981) 
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Flywheel (composite) 


3. CONCLUSIONS AND RFCOMMENDATIONS 


Lead ac^d batteries are the only energy storage sources that are sufficiently 
developed and available to meet the requirements and schedules for pure electric 
and hybrid electric vehicles. Advanced battery systems now under development still 
have sufficient problems to make them doubtful candidates for mass production or 
use for the next decade. 

Table 2 tabulates the projected 1981 data on the systems examined in this 
effort. Data on Flywheel is included based on information supplied by GE. 
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Li(Al)/FeS^ Battery Systems 


I'ntic V 

otP.uis ax’e 
a:>d these i 


poi,.vcn:,hip and the direction of MCL Eaglo-Picher , 
in the pi’ooess of commorcialir-ation of teehnolooy 
ndestrial organisations for the Li/LiCl~KCl/Ff>S„ 


O-M'.ld Inc 
dove 3 oped 
moi'tn nalt 


. , and 
by Aia 
system. 


The enclosed information has been gleaned from AN"L, lECEC, and otiier publica- 
tions during 2972 and represents the better cell designs fabricated and tested. 
Aagcne plot data are very difficult to obtain from these publications because 
in most cases the cells tested are not discharged at more t.han two or tl.i'ec 
rates and ■..’hr/';c data are not always calcu.’ated and published with its associ- 
ated h*/!:c: values but rather a peak W/kg value is given for each of a variety 
cf cell dor-igns. 


Table 1 summarises early cells manufactured in 197C and tested in 1977 ar.d 
represents prismatic designs made in the discharged state. Table 2 is similar 
data for two plateau Li/FeS 2 cells made in the discharge state about the same 
time at A'JL. 


Table 3 gives data for selected Sagle-Picher cells showing peak power and 
specific ererg\' in Whr/kg for their tw»o plateau FeS 2 cells. Table 4 gives 
Ragone plot data read from curves in the paper by Dr. Duane Barney at the 
Second A.nnual Fattery & Electrochemical Technology Conference, June 5-7, 1978, 
entitled "Development Status of Li/I-5etal Sulfide Batteries." Gee enclosures 
1 and 2 for applicable curves. Gould cells have lower energy densities to date. 

The corresponding Ragone plot is given as Figure 1. 

Table 5 is a recent A*JL optimization study comparing performance and costs as 
a function of the number of positive plates in their proposed multiplate cell. 
These data were given by H. Shimetake at the .May 9-10, 197S Annual DOE Review 
at Ah’L. See enclosure 3. 


Figure 2 surtmarizos this and earlier data and compares p>erformance to AN"L goals 
fc.r colls and batteries. v;iiile projections have been made, no exp'erimental 
data on EV b atteries have been published; however, tests by Eagle-Pi cher on the 
.Mark LA 4C kv.’hr battery should now be ir. progress. Enclosure 4 summarizes the 
present state of the art in cells vs. battery goals as a function of calendar 
year cf developr.ont . 


Major concerns are po wer density in Li/FoS colls which give relatively good 
cycle life, and cycle life in Li/FeS 2 cells which give higher and relatively 
geed power and energy density. Projected costs have also risen and are likely 
to increase even more. 


4 $ 
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SPECIFIC POWER, W/kg 


sri-ent in Ar.pe os 


PECIFIC POV/ER OF EAGLE PIC! 






SPECIFIC ENERGY, W-hr/kg 


DISCHARGE RATE: 4 hr 
TErv1PERATURE:450®C 


100 


EAGLE- RICHER 
MULTIPLATE 
( 7- hr DISCHARGE ) 


CELL GOALS 


\ 


ACHIEVED CELLD 
PERFORMANCE 


MARK 

.--A 


MARK IC 






GOULD MULlIPL,^ ^ARK lA 
M - 9 ^ J 



I 


1975 76 77 78 79 80 81 8 

START OF TEST, CALENDAR YEAR 
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ACHIEVED CELL 
PERFORMANCE 
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START OF TEST, CALENDAR YEAR 



PEAK SPECIFIC POWER, W/kg 
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PEAK SPECIFIC POWER OF FeSg CELLS 
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START OF TEST, CALENDAR YEAR 
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CYCLE LIFE OF FeS CELLS 


ACHIEVE} CELL CYCLE LIFE 
< IO,% CAPACITY DECLINE 
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CYCLE LIFE OF FeSg CELLS 
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1000 
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A < 80% CAPACITY DECLINE 
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PROGRAM GOALS FOR THE LITHIUM / IRON 
SULFIDE aECTRIC VEHICLE BATTERY 



Mark 1 

Mark 11 

Mark ill 

Long- 

Range 

Specific Energy, W-hr/kg 

Cell (average)^ 

100 

125 

160 

200 

Battery 

75 

100 

130 

155 

Energy Density', W~hr /liter 

Cell (average) 

320 

400 


050 

Battery 

100 

200 

300 

375 

Peak Power. W/kg^ 

Cell (average)^ 

100 

125 

200 

250 

Battery 

75 

100 

160 

20D 

Jacket Heat Loss, W 

300 

150 

125 

75-125 

Lifetime . .. 

Deep Discharges 

400 

500 

1,000 

1,000 

Equivalent /Vliles 

40, 000 

60, 000 

150, 000 

200,003 


^Individual cells for Mark I will have 10% excess capacity and pwer 
above that shown to alio / for cell failures and mismatching; 
individual cells for Mark II will have 4% excess capacity and power. 

*’Peak power sustainable f >r 15 sec at 0 to 50% of battery discharge; 
at 80% discharge, peak p wer is to be 70% of value shown. 
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TrtBLS I 

Br.sic sy Na/S Cell Characteristics 
(Estir«tes) 


rir 

charge 


Voltage 

Energy 

Power 

Energy Den 

isity 

Power 

Time 

Current 

Capacity 

Kean 



Whr 

Whr 

w 

K 

Hr 

A 

Ahr 

volts 

Whr 

K 

kg 

f 

kc 

£ 

5 

6 

30 

2.01 

60 

12 

181 

370 

36 

74 

4 

7.5 

30 

1.97 

59 

15 

178 

364 

45 

91 

i 

10 

30 

1.92 

58 

19 

175 

358 

58 

119 

2 

15 

30 

1.85 

56 

28 

169 

346 

85 

173 

1 

30 

30 

1.75 

52 

52 

157 

321 

157 

321 

IS sec 





147 






Cell Volume: 
Cell Weight: 
Recharge Time: 


0.162 £ 
0.331 kg 
8 hrs 


So\irce: Ford Na/S Program Review, Newport Beach, Calif., 1 November 1978. 
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II 

yc: d Ficfta 40 KWnr Ua/S Battex'y 
Type 48 (;^-13Q-'12) 14 


riset 

•arce 

Capaci cy 

Voltage 

Hnergi' 

Power 

Energy 

Power 

Title 

Current 

U' 1.6 V 

Mean 

Output 


Density 

Dens 

a-ty 

Hrs 

Ar.ps 

Ahr 

Vol te 

kvfnr 

kW 

Whr/kg 

h'nr/i 

W/kg 

K/£ 

5 

64 

420 

96.5 

40.3 

8 

157 

237 

31 

47 

4 

105 

4 20 

94.6 

39.6 

10 

155 

233 

39 

59 

3 

140 

420 

92.2 

38.9 

13 

152 

229 

51 

76 

2 

210 

420 

88.8 

37.6 

19 

147 

221 

74 

112 

1 

420 

420 

84.0 

34.9 

35 

136 

205 

137 

206 

15 sec 





99 



387 

582 


Batter^' Weight: 256 kg (Including heat retaining insulation and close packed 

cells with all equipment for thennal nanagenent) . 


Batter^’ Volume; 170 £ 
Recharge Time: 8 hrs 


^Batter^* “ 1»41 Ej-gq^j^ed * ^1 * * ^3 * ^4 ^required 


Fp * depth of discharge factor = 1.25 
F2 ® single cell failure factor * 1 + 
= number of cells in parallel ® 14 
F^ - non-uniform operation factor = 1 

F4 “ cell aging factor =1.1 



where Np » 


0.152 

0 Np 


*. E , is 28 kWhr for above battery, 

required 
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Appendix C 

Nickel Iron Battery System 

:>:oTi/:?.ON EV batteries 

^ • SacV. ground 

The u. S. Departx.ent of Energy has let two contracts for the d svelcpnent 
cf r.ickil/iron electric vehicle batteries: one to Westinghouse Electric 

Ccrpcrati.on and one to Eacle“Picher In'*ustrieS/ Inc. Westingnouse has deirion* 
strated laboratory cell performance which ne;»rly matches the long-term program, 
goals and is developing an alternative nickel electrode production scheme which 
uses the lowest-cost forms of nickel. Eagle-Picher has begun assembly and 
testing of full-scale improved nickel/iron cells. The iron electrode technology 
being developed in conjunction with the Swedish National Development Co. 
(Skersberga, Sweden) may offer the potential for the best energy efficiency ever 
achieved in a nickel/iron battery. 

2. Goals and Present Specifications 



Goals 

Present 

Price (SAWhr) 

60 

120 

Specific Power (WAg) 

100 @ 17% V drop 

100 © 24% ' 

Energy Efficiency 

(% at C/3 Disch. and 6-hr charge) 

60 

55 

Life (Cycles at 80% rated capacity) 

2000 

1500 

Specific Energy (KhrAg) 

60 

44 


3. Nickel/Iron Battery Advantages Disadvantages 
Advantages: 

• Cell reversal not damaging 
e Long life 

Disadvantages: 

e History of high cost 
e Open circuit cell voltage only 1.2 V 
e Self-discharge is somewhat high and worsei.a with age 

(Westinghouse projects their future- battery to lose 1.67% per day 
so that a two-week open circuit stand would result in a loss of 
approximately one quarter of the original capacity.) 
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• Poor low temperature perform.ance 

(A Ki/Fe system with an electrolyte temperature of 0®C yields 
only 434 of its 25®C capacity [to a l.OV per cell cut-offj. This 
may require heaters and extra insulation compared to other systems.) 

• Maintenance (watering) requi: ements probably higher than Pb-acio 
systems. 

• Thermal management (heat build-up) problems may be severe. 

4. General Comments 

A hybrid vehicle pac)t using Ni/Fe and lead-acid would hold no significant 
advantage. The Ki/Pe system energy and power densities, although higher than 
Pb/acid, are not that much better to justify the complexities and additional 
expense of going hybrid. If the cycle life of Ni/Zn is improved, the Ni/2n - 
Pb/acid hybrid would be more attractive. 

The modeling of Ni/Fe batteries in vehicle simulation programs is not possible 
without specific performance and/or specifications from the EV battery contractors. 
Both Eagle Picher and Westinghouse have been guarding the release of information 
pertaining to the Ni/Fe vehicle battery prograun. 

In addition to the program in the United States, DAUG Peutsche Automobil- 
gesellschaft MBH) in Esslingen, Germany has had a serious Ni/Fe vehicle battery 
program for years amd is testing batteries in van-type vehicles. 

The ability to supply prototype quantities of Ni/Fe batteries in '81 and 
large quantities in *85 would probably be shared by all three companies - 
Westinghouse, Eagle-Picher and DAUG. The cost estimates, however, are always to 
be questioned in an untried vehicle system. I have heard unofficial comments in 
Sw'eden, for instance, that the cost estimates for the production of the SU iron 
electrode were unrealistically low. The process is, however, proprietary and 
therefore not open to objective analysis. 
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Ni/Fe Power and Energy Densities at Different Rates 


Wostinqhouse Claims ; 

54.8 W/kg (54.8 Wh/kg) 
20.6 W/kg (61.8 Wh/kg) 
13.2 W/kg (66 Wh/kg) 


G. E. Curve 

46.9 W/kg (46.9 Wh/kg) 
22 W/kg (66 Wh/kg) 

14 W/kg (70 Wh/kg) 
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^•IC^'SL/ZINC EV BATTERIES 
1 . Sackcroond 

Under the i>rovisions of the McCorn^ack kct» the U. S. department of Energy 
has contracted with three companies to develop Nickel-Zinc ES' batteries. 

These companies (Yardney Electric, Energy Research and Gould) along with 
Eagle Richer had completed Phase I study contracts before being granted the 
development contracts. In addition, General Motors is carrying out an in-house 
Ki-Zn development without benefit of government funding. All of these efforts 
are concerned with Nickel-Zinc batteries of "conventional" design; i.e., cells 
with closely packed electrode elements, incorporating barrier type separators. 
In addition to this work, ESB and its Swedish subsidiary, AB Tudor, are working 
on the development of vibrating anode Nickel-Zinc batteries for electric 
vehicles. Support of this effort from DOE is expected iJi the form of a devel- 
opment contract with ESB. 

2. Design Goals and Present State-of-Art Perfo rmance 

Listed below are the major areas of interest of Nickel-Zinc EV batteries 
along with the goals desired by DOE in each area. Present estimated state-of- 


is indicated in each category. 

Characteristic 

Goals 

Present State-of 

-Art 

Specific Energy (Whr/kg) @ C/3 

> 70 

70 

(1) 

Vol\unetric Energy (Whr/l) @ C/3 

>120 

120 

(1) 

Specific Power (W/kg) 

>125 

125 

(1) 

(5 sec. ave. @ 80% Disch.) 

(20 min. sustained @ C/3 and 

> 45 

— 


50% DOD) 

Cycle Life (80% DOD @ C/3) 

>400 

75-100 


Wet Life (years) 

> 2 

2 


Cost ($/kWhr) 

< 75 

200 (est.) 

(2) 

Energy Efficiency (%) 

> 60 

'V65 



(1) Obtainable on early cycles only. 

(2) 1978 dollars, up to 1000 EV batteries per year 
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:;-c»:el-"ir.c SV Satter;.* Ferfcrrri&nce (Ccn v er.tional Typfe) 
a) van t aces 

Potential High Enerc>* Ijensity and £f,ecific Power 
Hich Voltage per cell (1.60 V average) 

2:) Oisadvantacfcs 

Life - Lir.ited by three r.ajor factors: separator degradation., 

shorting by zinc dendrites, capacity fall-cff due to shape 
change of negative electrode. 

Charging - Sensitive to overcharge because of te.ndency to font zinc 
dendrites during overcharge. Kichel cathodes require 
overcharge to develop full capacity. 

Cost - Tends to be high, especially with the high energy density 

nic)cel cathodes (e.g., sintered type) needed to achieve 
performamce. 

Maintenance -Frequent water additions necessary due to overcharge re- 
quirements of nickel electrode, 
c) Electrical Performance 

Attached are three figures depicting state-of-the-art nickel-zinc 
cell (conventional type) electrical performance. Figure 1 is a Rag'^ne 
plot depicting the relationship of specific power (W/kg) to energy 
density (VTnr/lb) . The solid line represents data taken from three 
sources. The Energy Research data is from ANL-K76-3541-1 , Final Report, 
“Design and Cost Study of Kickel-2inc Batteries for Electric Vehicle." 
The Yardney data is from AKL-K76-3543-1 , Final Report, "Design and Cost 
Study Zinc/Nickel Oxide Battery for Electric Vehicle Propulsion. *' The 
ESB data is from proprietary data developed during internal R & D pro- 
crauns. For pur.poses of comparison the Ragone plot obtained from the 
GRC and CC.M data is superimposed as a dotted line. Agreement is fairly 
close, with the available electrical data indicating a slightly lower 
energy density at low rates of discharge, but possibly a higher specific 
power at high rates of discharge Figure 2 gives typical discharge 
performance of a Yardney 310 Ahr cell at rates of C, C/3 and C/5. 

Figures 3 & 4 are discharge characteristics curves and power curves for 
ESB 25 Ah nickel zinc cells. 
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All of this information, it must bo emphasized, is based on the 
performance of Ki-Zn cells during early cycles. Freser.tly available 
"conventional •’ Nickel-Zinc batteries tend to lose capacity by fading 
within 50 deep cycles, and could lose as much as 50i of original 
capacity within 100-160 cycles, depending on the rate of discharge. 
Cycle life is also dependent upon depth of discharge; however, no 
definitive data on this is available. 

ANL, through its DOS funding, is basing Ni-Zn development on a 
25 kWhr battery size. At 30 VJhr/lb, battery weight would be about 
833 lb and its volume about 6.6 cu ft. Cell capacity is designated at 
300 Ahr, giving a batter^' voltage of about 83.3 volts, or 52 cells in 
series. If such a battery comprised 1/3 the vehicle weight, a range of 
about 80-120 miles per charge can be expected, depending on the type of 
driving cycle used. 
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At the request of Dr. A. F. Burkf on February 12, 1979, we have assembled 
infornation on other DOf. battery prof.rams, and have provider! our assessment of 
them. 

The first qroup (Paqes 1-7) are from DOF/t7-O03ri dated October 1978 \vhich 
is the Program Overview for Energy Storage Systc'sis for I'Y 1978. 

PAN-10 and PAN-4 (Pages 8 & 9) are from a Paul Nelson presentation in May 
1978 on the ANL program. This is undoubtedly optimistic. Ford Na/S EV program 
is on approximately the Mark II schedule EDA Z 11 -CI 2 H 2 O is only a slightly faster 
track. 

The 4 DOE Advanced Battery Programs are: 

Probabi 1 i ty 

5 YR{Tech.) 10 YR(Comm.) 20 YR (Comm.) 


EDA 2n-Cl2H20 

0.95 

0.5 

0.75 

Ford Na-S (beta alumina) 

0.8 

0.25 

0.5 

Dow Na-S (glass) 

0.2 

0.0 

0.2 

ANL Li -MS 

0.9 

0.5 

0.75 


The probabilities are assessments for EV's, and reflect some pessimism 
about non-lcad-acid EV's in general 

Since this document page contains assessments and probabilities of a 
judgemental nature, furt!»er dissemination or discussion of this page outside 
or (without express concurrence of ESR Inc. is rt>guested. Information contained 
on the balance of this supplci'ient are not subjec ted to this restriction. 
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TABLE 1. MAJOR PROJECT LISTING 
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PROJECT 

NAME AND LOCATION 
OF PROJECT MANAGER 

PERFORMING 

ORGANIZATION 

BA l$K» j 
FUNDING 
FV 1978 

(SK) 

TEC 

8ATT&RI6S AND 

ELECTROCHEMICAL 

SUBPROGRAM 





Nor^Term Baneriet 





Electric Vehidt Batttriet* 
{Lead/ Acid. Nickel/lron, 
Nicket/ZifKi 

N.P. YAO. ANL 

ANL and eight irv 
dustrial suocontractors 

5.7(X) 

46.700 

Adv. Ltad/Acid Batteritt 
for Load Leveling 

H. Shimotake. ANL 

RFP 

300 

5.000 

Advanced Batteries in Engl* 
neering Development* 
(Li/S. Na/S. Zn/OI 

P. Nation, ANUk. Klundtr, 
DOE 

Ford. Dow. EDA. ANL 
(with five industrial 
sutscon tractors! 

10.700 

101.000 

Solar Applications 

N.P. YAO, ANL 

ANL and TBO 

500 

5.000 

lr>dusuial Electrolytic 
Procr ^ 1 * 

G. Cook. ANL 

Diamond Shamrock. 
U. of Illinois 
Argonne National Lab 

1.250 

12.000 

CHEMICAL AND 
THERMAL SUBPROGRAM 

i 




Hydride Storage Vessel 
Development 

1 

1 

P. Salsano 
8NL 

INCO. Billings. 
F otter *Whe«ler 

BSO 

1 S .000 

Bectrolyter Development for 
H 2 Production* 

F. SaUano 
BNL 

GS. TELEOYNE 

1.300 

12.000 

Seasonal Storage in Aquifer 
for Building Heating and 
Cooling 

H. Hoffman 
ORNL 

Dtsen Reclamation 
Auburn Universtty 
Texas ASiM 

400 

5.000 

Retrofit System for 
Industrial Process 
Heat Recovery 

H. Hoffman 
ORNL 
W. Masiea 
NASA/Lewis 

Rvxket Research. Boeing. 

Marttn-Marietta, 

Westingbouse 

500 

6.000 

Chemical Heat Pump for 
Building Heating and 
Cooling 

W. Wilton 
SLL 

Miirtin Manetta. Rocket 
Rrsearch. EIC. Chtmical 
Energy Specialists 

400 

J 

5.0C0 


*K#v Protect 
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TABLE 2. COMMERCIAL TECHNOLOGY TIMETABLE 
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sukprogham 

MMO 10H4 

lyHh I‘J90 

Af TER PVK) 

BATTEniES AND 
ei ( CTWOCIlEMfCAl 
SYSTf MS 

• NEAR URM ELECTRIC CARS 
u DISPERSED utility 1 DAD 
LEVELING 

t advanced f LCCTRIC CARS 
• ADVANCED RATTERIIS TOR 
LOAD ILVELlNG 

• SOLAHCLECTRlCSIUKAtit 

• IMPRDVtl) LLf CTRonif Mtl.Al 
PROCESSES 

chemical and 

rnf RMAL 
SYl.iTMS 

o rOR Cl LMICAL rFEDSTOCK 

• SOLAR SEASONAL HL A riNG 
AP4D COOLING 

u MpSUPPLEMt NTAnON O' 
natural CAS 
CMTMICAL MEAT PUMPS 
WITH STORAI.E 
u iMf RMAL STORAGE FOR 
LOAD LEVELING 

o Hp AND THMTMl»UU MU;AI 
STORACiE 1 OR SOLAR 
1. M^ roR Vf HICUS 

MCCHANICAL AND 
AND MAGNETIC 
SYSTEMS 

• utility STORAGE lUPH CAtSI 

o flywheel regenerative 

BRAKING 


It AOVANCFOCAES 
u SMES FOR UT R ITY LOAD 

leveling 


• FUNDS I.IMITEO 
.. leCHNOLUGY LIMITEU 


Technologies to serve both mobile and stationary ap- 
plications are being developed. Development progress in the 
two areas can be measured against the goals stated below. 

Mobile Storage Goals 

• Batteries for transportation having an energy 
density of lAO watt-hours per kilogram, a peak 
power capability of 200 watts per kilogram, and 
capital costs less than $A0 per kilowatt-hour 

• Flywheel regenerative braking systems resulting in 
a 30 percent energy savings when incorporated into 
battery-powered vehicles for city driving 

• Hydride materials for hydrogen- fueled vehicles 
that store twice as much hydrogen as iron titanium 
hydride, with an energy density of more than 800 
watt-hours per kilogram 


Stationary Storage Goals 

• Battery, chemical, thermal, and mechanical storage 
systems having appropriate characteristics for use 
in smoothing the intermittent availability of 
power from solar and wind energy systems 
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Figure U. Storage Delivery Strategy Diagram 


Technology Options for Energy Storage 


Different applications require that different amounts 
of energy be stored for various duty cycles. A spectrum of 
technologies is being developed to meet these different 
needs. As shown in Table 2, some of these technologies are 
expected to be commercialized within the next decade while 
others will not be commercially available until the year 
2 ,000 or later. 
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Figure 12. Advanced Battery Program Thrust and Emphasis 


76 


Proposed 

Amendment 

Schedule 


Delivery: 


Improved 

Lead/Acid 

20 

CD 


20 

Niekel/Zinc 

□ 


10 

NickelMron 

o 

Advanced 

tead/Acid 


— 1 r 

1 

3 79 

80 


Production for Vehicle Application : 
20.00 0/Yssr 

tO.OOOfY ear 

lO.OOO^Ycaf 


15 

CZI 


20.000fYMr 


77 


1 1 1 1 I 

81 82 83 84 85 86 


Order 

400 Vehicles 


Order 

1700 

Vehicles 


Order 

600 Vehicles 


Order Add'l. 
I Vehicles to 
' Bring Total 
to 7,500 + 


-►(- Complete 

Demonstration 

Program 


Figure 13. Near Term Battery Program 
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Develop and test improved near-term 
support vehicle buys legislated by 
and Hybrid Vehicle Demonstration Act. 


batteries to 
the Electric 


Start advanced lead/acid battery development for 
near-term load leveling. 


Figure 15 shows the major milestones of the batteries 
and electrochemical systems subprogram for FY 1978 through 
FY 1982. 

The subprogram is divided into the areas of: 


• Near Term Battery Program 


Advanced Batteries in Engineering Development 


ACTIVITY /milestone 

1 aytb 

1 fY7» 

fvto 

i FV81 

j FYiZ 

ACTIVITY /milestone 

AY7I I FY7# 

PYIO i AVB1 

1 rr« 1 

Not Ttfm Bamnet (Liid/Acid. Nicii»l/lr«>. 
NicMI/ZincI 

V St»eci conttMiofk tor MvanctO itac.acid btntrv 
tor toad ifvtlinf lw<tri EESI 
2. Oft'ver protoTVPf barttfy for EV Ul 
3 Otiwfr tmpfovro prototypt binrry tor EV (tl 

if 



( 

i 


Elaetrocbcmioot Syittmi RaNtrcA 

t. Makf Co/NoGo otemort cr> rede* couplet tfttr 

2 Sctfct unfit tinC''bfomint contractor lor drvtioprntnt 
with EAHl 

1 Dtvtioo tin^tt tine/brorrma binary mo tail tymm 

< 

Y* 

A 

1 

1 

!>■“ 


0 

1 







Bonarita-Sotar Applicavona 


||B 




Advanod Battarita in Enfinearinf OtMiepmifit 
(Liotium/Mttal Syttida, Sodium/Sulfwi. and 
Zinct'Chlonnal 






t. Cortduct Solar Photorotuic Bancry Mo'ktnop 
2. Ovvtlep Riogram Alan 
3 Conduct lyittm ituditt 
4. Initiatf hirdwarodtwtiopmrnt 

1 

1 

V 



1 CyOffr L>/MS eaiii for EV appiicanort 

2 teiting of multr^kW bonrtn 

3. Bag>n taantry teit> m tel 

4. Satiity celt 0»rf or manor /lift rtouirrmtnti tor 
BEST itm 

S Btgm BEST ftoliiy ttm Idt 
0. Zmc/chiorint 
b Sodium/iultur 
c. Lnhium/mtiat tulfidt 

4,-^ 

A 

A 

A 

Induipiol Eiaenelriic Atoohmi 

1. laaucftPAi 2 

2. Street eonirtnori to aurvty nocBa and rnki lor 
programa m 

a. Aluminum produmon 

b. Otlorinarcauitic production 
G. Maul winmnf 

d Miiai ryeydinf 
t. Eltetroorianic tynmnii 


M 


1 



MitttTonn 

^ Eno Miltxionti 

o 00 /N^O 


* * Conuoliid 

*** O*viiior> Contrelittf Mitenonv 


(«) ptototvpti prt lyttur 
Ibl tmorowd o»Qiotvon mr lyttem 

Ul Co4nar>aw<i with Tramoonttion finerfy C^Mrvttign 
ia» Co^menMtd wiiti Ewetncti Entrfy Svitami 


Figure 15. Milestone Chart 
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TABLE t*. STATUS AND GOALS VEHICLE BATTERIES 


Page 


Battery 

Status 

Development 
FY 1978 


Goals'^ 

f 


Wh/kg 

Cycles 

Wh/kg 

Cycles 

Year 

Wh/kg 

Cycles 

Near Term Batteries 








Lcad/Acid 

30 

300 

35 

300 

1980 

40-50 

600-800 

Nickel/Iron 

44 

1500 

50 

1500 

1980 

60 

2000 

Nickel/Zinc 

60 

300 

70 

350 

1981 

75 

800 

Advanced Batteries 








Zinc/Chlorine 

’0 

300 

80 

400 

1980 

110 

1000 

Sodium/Sulfur 

80 

300 

100 

400 

1981 

140 

1000 

Lithium/He tal- 
Sulfide 

80 

400 

90 

500 

1981 

140 

1000 

*Goal dates for near term 

batteries apply 

to full 

size 

vehicle 

batteries 


available in quantities required to support the £HV Demonstration Act. 
Advanced battery goal dates refer to first test module in laboratory. 
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STAGES IN DEVELOPMENT OF 


LITHIUM/METAL SULFIDE VEHICLE BATTERIES 
FULL-SCALE BATTERY PROJECTS 


Stage 

Purpose 

Demonstration 
of Goals® 

MarkI 

First Test in Vehicle 
Eagle-Picher 

1979 

Mark II 

Commercially Viable Prototype 
EP and Gould Phase 1 Contractors 

1981 — 1983 

Mark III 

High-Performance Commercial 
Battery 

1983—1986 


^Date of demonstration is dependent on funding rate. 



CUMULATIVE SAVINGS TO YEAR 2C20 
OIL SAVED 4.7 BILLION bbis 
VALUE $ 92 BILLION 



SUPPLEMENT ^2 TO 


THE ASSESSMENT OF 
BATTERY POWER SOURCES 
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GE PHASE I HYBRID VEHICLE 


PREPARED FOR 


GENERAL ELECTRIC COMPANY 
CORPORATE RESEARCH AND DEVELOPMENT 
P.O. A0200-22067 
ESB PROJECT 6047 
MARCH 1, 1979 


PREPARED BY 


E. Pearl man 
G. S. Hartman 


ESB TECHNOLOGY COMPANY 
YARDLFY, PA. 
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Supplement 2 
Page 1 of 6 

SUPPLEMENT 2 

NICKEL HYDROGEN BATTERIES 

At the 6E Phase I Hybrid Vehicle program review on Tebrua^y 20, 1979, 

Mr. E. RowU d requested an assessment on the nickel hydrogen battery 
system as applicable to E.V. application 

Attached are Supplement #2, pages 2 to 6 describing the Ni-Hg system. 

In addition pages 99 & 100 are reproduced from the paper by Sidney Gross, 
Energy Conversion, Vol. 15, pp. 95 - 112 (1976) and shown as pages 5 and 6. 

None of the information provided in Supplements 1 or 2 modifies the 
recoiranendations made in our original report. 
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Supplement #2 
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NICKEL HYDROGEN BATTERIES 


(1) The nickel-hydrogen system has been investigated and used mainly 
battery applications. Some have flown successfully on satellites, rouolea witn 

solar panels. Their best performance characteristic is the increase 
in clcll life over Ni-Cd batteries, which suffer capacity losses 

to Cd passivation. The attached material (from on 

ChemicL Technology, Vol. 3. Third Ed. 1978) gives some of the available data on 

Mi-H 2 batteries. 

(2) Recent work which has been reported by companies such as EIC, HAC and COMSAT 
indicate certain changes (improvements?) in the technology. Operat^g press^e- 
have increased to 34 68 atm., in an attempt to increase energy oensity ant dis- 
Slarge rate capability. In addition, common pressure vessels ha^ 

mentally tried. While these improvements have increasec both energy 
discharge rate capability, the high K pressures lave also resulted in an incroaseo 
rate o/self-discharge . In addition,^ the common pressure container introduces the 
problem of capacity rundown caused by parasitic currents. On one test a 4-wil 
Utterv was operated at about 30 at«> in a common pressure vessel. In 72 hours 
capacity fell^from 8.8 Ahr to 5.6 Ahr, while pressure fell from 400 psig to 300 psig. 
Biis loss corresponds to a rate of over 10% per day. 

(3) The use of the Ni-H^ system in EV applications is not indicated at this time 
of these important limitations s 


.. 3,1. Press ure Vessel Construction - Present technology requires that each 

cell of the battery, or at best sections of several cells, be contained 
in pressure vessels holding up to 1000 psig of hydrogen. This in itself 
is so dangerous that it alone probably eliminates the system from 
consideration. 

3,2 Cost Considerations - The battery has all of the inherent costs of 
-• satellite tJT>e sealed, sintered, nickel cadmium batteries, plus the 
additional costs of high pressure battery containers, and the use of 
platinum doped electrodes for hydrogen recombination. 


3 3 Electrical t>ef formanco - Chaurged stand losses are too high for most EV 
applications, and in addition there is a question about maximum specific 
power available. Most data presented does not indicate discharge rates 
greater than C/2. 


(4) The possibility exists for hydrogen storage utilising surface adsorbtion or 
ehemica) hydrides. There is some work going on in this area, but noie has reached 
of cttl or botwry Oeron.tr.rion. If thrr. i. ro b. . Ni-»j EV bbttcry 
this could be the only way to solve the hi^h pressure storage problem. 




» Cl. H I I w ru 

Mckel-Hv if Cells. In the raid 1970& nickel-hydrocen cells were developed Page 3 Of 6 
in the Uniud ‘•'-au:s (79 J and »n Eurt.pc to overcorae some of the problems associated 
with deep cycl. nicVel-cadmium. long life cells for space satellite use. The roeraorv- 
effect (SO) c/lhe cadmiuro electrode was eliminated and fravimetric energ>- density 
improved. The overall electrochemical reaction is simple: 

Ni(OH): N.00H4 »*Hj 

However, the generation and migration of water in the half-cell reactions roust be 
considered *n the. cell design. 

At the mc^ei electrode: 

chMfV 

Ni(0H)s4 0H NiOOH4Hrf) + e- 


At the hydrogen electrode: 

H,04e* >feHj4 0H* 

Hvdroien is present in the gaseous slaU, and the cells operate at a much higher 
pressure range 304-2030 kPa (3-20 atm) than Ni-Cd cells 0-304 kPa (0-3 atm). Oils 
we designed as pressure vessels and we cylindrical in shape with hemispherical caps. 
Electric terminals we made with ceramic-to-metal seals in the end caps. A cutaway 
view of a tjT>ical construction is showm in Figure 14. 

*nie positive electrodes we of a conventional sinte ’ed t>T)e. Ibe hydrogen reacting 
(negative) electrode usually consists of a Teflon-bonded platinum black byer and a 
porous Teflon byer pressed into a fine mesb nickel screen. 

Typical voltage performance discharge curves we given in Figure 15. 



pipirc 14. Cutawray view of a typical oonauuetioo of a niekct-bvdrofcn oeQ. 
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Nickel -hydrogen battery 

The nickci-hydioi;?n system has an open circuit poten* 
tial of 1*358 V and a the oretical energ y density of 17 7 
W hr/U> « This is a rccenily des eloped system (63-66] but 
the technology is advancing rapidly because the nickel 
electrode is well developed from nickel-cadmium battery 
technology* and the hydrogen electrode is well developed 
from hydrogen-oxygen fuel cell technology. The Teflon- 
ated hydrogen electrode negative functions best with 
platinum catalyst, but nickel is satisfactory for electric 
vehicle applications* and is used iu Russian designs [65]. 
Both electrodes are known to be long-lived* so very long 


operating lifetimes are expected with this system. An t vi*** 

energy density c f 25 W hr/ib has been achieved on pr oto- *3^ i W 
type’cclls, and" design studies show up to 40 W hr/lb | 

should be attainable. Power density of 40 W/lb has been \ 

realized* and could be increased to 200\V/tb on an i 

optimized design. j 

A n ckcl-hydrogcn battery consists of a scries stack of j 


nickel and hydrogen electrodes installed inside a pressure 
vessel Ailed v/ith hydrogen gas. The electrodes are 
separated by gas dilTusion screens, but the hydrogen gas 
need not be isolated from the nickel electrodes since they 
will not react chemically. The battery operates positive- 
limited, and is completely sealed. Figure ? shows a typt-* 
cal battery* module design [64]. Except for the pressure 
vessel* no costly matciiaU are used. Typical operating 
characteristics of a single cell are shown in Fig. S .and are 

Nt«UI 

StMfen* I 

Un 9 %rm» 

*tp«*ow 
N«cMl 

I «i Gtu tna 

Fig. 7. T>*pical otckel-hydrogen battery design. 



Hatitt 

Atfert^ct 7t 
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SIDNEY CROSS 

seen to be comparable to nickel cadmium ceil perfor- 
mance. 

An important attribute of the nickel-hydrogen system 
is that it is inherently protected against damage by 
reversal, permitting the full capacity of the battery to be 
used. Hydrogen pressure drops to approx. lUO psi 
during continuous reversal. Also significant is the ability 
of the system to tolerate overcharge without ill effect, 
though suitable means of heat removal must be provided. 
Hydrogen pressure increases to a maximum of 400-500 
psi during continuous overcharge. 

The major disadvantage of the nickel-hydrogen system 
is the need for a pressure vessel to contain the hydrogen, 
which comprises a significant share of the battery weight. 
Structural safety factors will have to be relatively high for 
commercial applications, limiting the overall energy 
density. For example, it is calculated (66] that a 1000 W 
battery for traction applications would deliver 35 W hr/lb 
with a titanium pressure vessel, or 30 W hr, lb with an 
Inconel pressure vessel. Even with the lower value, this is 
quit* attractive for electric vehicles in view of the good 
electrical performance and expected long life. 

A possible improvement to the nickel-hydrogen 
battery would be development of a satisfactory means of 
storing hydrogen in solids. Metal hydrides arc able to 
store hydrogen even more compaaly than liquid hydro- 
gen. Using this principle, an eiectrochemically reversible 
hydrogen electrode has been developed in which the 
hydrogen is stored on interstitial sites of a metal lattice, 
using TijNi and TiNi interir.ctallic phases [67]. The 
electrode is capable of very high energy density, and 
conceivably could eliminate or minimise the need for a 
Dtessure vessel with the nickel-hydrogen battery. 
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PULSED TESTS OF LEAD-ACID BATTERIES 
ESB Technology Corporation 
June 1979 


f'ritCLUli'iu Fiiut t'.Cl 
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Battery: PV-23 

Pulse Current: 300 A 


Ah out 

at Beginning of 
Pulse 

% of 
Ah at 
60 A 

Voltage 
Dur ing 
Pulsel*) 

Volts at 
60 A After 
Pulse 

Wh out 

After 

Pulse 

12.1 

7.1 

5.400/5.365 

6.000 

73 

31.4 

18.5 

5.360/5.330 

5.950 

188 

44 .8+ 

26.3 

5.285/5.255 

— 

267 

46.1+ 

27.1 

5.325/5.265 

— 

274 

47 .4 + 

27.9 

5.355/5.265 

5.890 

281 

67 .1 

39.5 

5.190/5.190 

5.835 

396 

80.7 

47.5 

5.115/5.115 

5.775 

474 

100. 2+ 

58.9 

5.030/4 .970 

— 

586 

101.4 + 

59.7 

5.045/4 .985 

— 

592 

102.7+ 

60.0 

5.010/4 .250 

— 

598 

110.2 

64.8 


5.675 

64 0 


(*)15 s pulse; a/b : a-voltage at 1 s, b-voltage at 15 s 
•■Pulses repeated with open circuit pause between each one 
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Battery: PV-23 

Pulse Current: 400 A 


Ah out 

at Beginning 
Pulse 

% of 
Ah at 
60 A 

Voltage 

During 

Pulse* 

Volts at 
60 A After 
Pulse 

Wh out 
After 
Pulse 

12.0 

7.1 

5.175/5.145 

6.060 

73 

31.9 

18.8 

5.140/5.110 

6.010 

192 

45.9+ 

27.0 

5.065 

5.955 

273 

47.6+ 

28.0 

5.110/5.050 

— 

282 

49.3+ 

29.0 

5.110/5.045 

5. 895 

291 

69.4 

40.8 

4.970/4.940 

5.845 

407 

83. 3 

49.0 

4.885/4.855 

5.770 

487 

103. l’'' 

60.6 

4.710/4.675 

— 

600 

104.9+ 

61. 7 

4.76 /4.670 

— 

608 

106.5+ 

62.6 

4. 700/4.640 

— 

616 

114.3 

67.2 


5.675 

659 


*15 s pulse; a/b : a- voltage at 1 s, b-voltage at 15 s 
tpulses repeated with open circuit pause between each one 
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Battery: PV-23 

Pulse Current: 400 A 


Ah out 

% of 

Voltage 

Volts at 

Wh out 

at Beginning 

Ah at 

During 

60 A After 

After 

Pulse 

60 A 

Pulse* 

Pulse 

Pulse 

12.1 

7.1 

4.985/4.955 

6.045 

73 

32.2 

18.9 

4.910/4.880 

6.015 

192 

46. 5t 

27. 4 

4.810/4.780 

— 

276 

48. 7+ 

28.6 

4. 875/4.755 

— 

286 

50. 8t 

29.9 

4.895/4.740 

5.905 

296 

71.1 

41. 8 

4.660/4.615 

5.815 

413 

85.2 

50.1 

4.575/4.515 

5.765 

493 

105. Ot 

61.8 

4. 395/4. 32 

— 

608 

107. 6t 

63. 3 

4.405/4.285 

— 

617 

109.7'*' 

64.5 

4. 395/4.245 

5.670 

626 

118.0 

69.4 


5.670 

669 


*15 s pulse; a/b : a-voltage at Is, b— voltage at 15 s 
"^Pulses repeated with open circuit pause between each one 
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Battery; EV-106 
Pulse Current; 400 A 


Ah out 
at Beginning 
Pulse 

% of 
Ah at 
60 A 

Voltage 

During 

Pulse* 

Volts at 
60 A After 
Pulse 

Wh out 
After 
Pulse 

11.9 

8. 8 

5.07 

6.025 

73 

31.6 

23.4 

5.00 

5.960 

189 

45. 4t 

33.6 

4.97/4.92 

— 

270 

47.0+ 

34.8 

4.95/4.92 

— 

278 

48. 8t 

36.1 

4.92/4.89 

5.890 

286 

68.4 

50.7 

4.77/4.74 

5. 790 

400 

82.2 

60.8 

4.62/4.56 

5.700 

478 

101.9+ 

75.5 

4. 30/4.18 

-- 

588 

103. 6t 

76.7 

4.29/4.11 

— 

595 

105.2+ 

77.9 

4.22/4.05 

5.520 

602 

112.9 

83.6 


5.485 

642 


*15 s pulse; a/b ; a-voltage at 1 s, b-voltage at 15 s 
+Pulses repeated with open circuit pause between each one 
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Battery: EV-106 

Pulse Current; 300 A 


Ah out 

at Beginning of 
Pul se 

% of 
Ah at 
60 A 

Voltage 

During 

Pulse* 

Volts at 
60 A After 
Pulse 

Wh out 
After 
Pulse 

12.0 

8 .8 

5.375 

6.04 5 

74 

31.5 

23.3 

5.350/5.32 

5.995 

189 

44.8 + 

33.2 

5.310/5.280 

— 

269 

46.1+ 

34 .1 

5.300/5.280 

— 

276 

47 .4 + 

35.0 

5.300/5.270 

5.920 

283 

66.7 

49.4 

5.190/5.160 

5.870 

396 

79.9 

59.2 

5.09 

5.810 

472 

99.2+ 

73.5 

4 .955/4.925 

-- 

— 

100.6+ 

74 .5 

4 .960/4.900 

— 

— 

101.8+ 

75.4 

4 .935/4 .875 

5.675 

596 

109.0 

80.7 


5.675 

637 


*15 s pulse; a/b : a-voltage at 1 s, b-voltage at 15 s 
■^'Pulses repeated with open circuit pause between each one 


Battery: EV-106 

Pulse Current; 500 A 


Ah out 
at Beginning 
Pulse 

% of 
Ah at 
60 A 

Voltage 

During 

Phase* 

Volts at 
60 A After 
Pulse 

Wh out 
After 
Pulse 

12.0 

8.8 

4. 785 

6.020 

72 

32.4 

24.0 

4.720/4.690 

5.965 

192 

46.5+ 

34.4 

4.650/4.620 

— 

— 

48.6+ 

36.0 

4.640/4.580 

— 

— 

50.7+ 

37.5 

4.610/4.550 

5. 875 

29 3 

70.8 

52.4 

4.440/4. 385 

5.765 

408 

84.9 

62. 3 

4.290/4.200 

5.695 

487 

105. 3 

78.0 

3.985/3.955 

— 

600 


*15 s pulse; a/b : a-voltage at 1 s, b-voltage at 15 n 
tpulses repeated with open circuit pause between each one 
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Note ; 


The following graphs were prepared by Dr. A.F. Burke, General 
Electric Corporate Research and Development. They are included in 
the Assessment of Battery Power Sources for completeness. 
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VEHICLE TECHNOLOGY 


GENERAL*® ELECTRIC 


WORK STATEMENT 

Triad Services, Incorporated 
32049 Howard Street 
Madison Heights, MI 48071 


INTRODUCTION 

Contract NO. 955190 between California Institute of Tech- 
nology Jet Propulsion Laboratory and General Electric Company 
covers a program entitled "Phase I of the Near-Term Hybrid Pas- 
senger Vehicle Development Program" under which studies shall be 
conducted leading to a preliminary design of a hybrid passenger 
vehicle that is projected to have the maximum pc'-ential for re- 
ducing petroleum consumption in the near-term (co. ^ncing in 1985) . 
Effort under Contract 955190 is being conducted pursuant to an 
Interagency Agreement between the Department of Energy (DOE) and 
the National Aeronautics and Space Administration (NASA) and in 
furtherance of work under Prime Contract NAS7-100 between NASA 
and the California Institute of Technology. This work statement 
covers vehicle technology under General Electric Purchase Order 
AO 2000-220147. 

SCOPE OF WORK 

In support of General Electric Corporate Research and Develop- 
ment's work under Contract 955190, the Siabcontractor shall furnish 
the necessary personnel, materials, services, facilities, and 
otherwise do all things necessary for or incident to the performance 
of the following tasks. 

1. Provision of the following with respect to the Reference 
Conventional ICE vehicle. 

• Consultation to assist in its selection 

• Weight and cost information on key components 

• Performance information on auxiliaries, such as power 
steering, power brakes, air conditioning, lighting 
and electrical accessories, heating and ventilating 

2. Consultation on selection of preferred passenger compart- 
ment heating procedure for hybrid vehicle considering 
such approaches as: 

• Waste heat from the engine 

• Thermal energy storage 

• Auxiliary burner 

3. Consultation on air conditioning for the hybrid vehicle, 
especially methods of taking advantage of the reduced 
input speed variation for the hybrid as compared with 
the conventional ICE vehicle. 
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4. Trado-off studies of power assist systems (power steering 
and power brakes) to determine the preferred approach 
and performance for the hybrid vehicle. 

5. Consultation and recommendations on specification of tire 
drag aerodynamic drag and aerodynamic frontal area for 
both : 

• The conventional ICE vehicle 

AND 

• The hybrid vehicles 

6. Recommended weight and/or power scaling factors to be 
applied in building up the hybrid vehicle around the 
seating package of the reference conventional ICE vehicle. 

7. Packaging studies of various hybrid configurations, using 
the reference ICE vehicle as a base, including styling 
consideration. 

8. Layouts of the vehicle embodying the preferred hybrid 
configuration . 

9. Vehicle Dynamics - For the preferred configuration, iden- 
ification of dynamic design requirements and analysis as 
required to assure adequate performance in the following 
areas: 

• Handling - both linear and nonlinear ranges 

• Brake system, including consideration of ' egenerative 
braking and front vs. rear wheel braking regeneratively 

10. Structural Considerations - For the preferred configura- 
tion, analysis as required to assure adequate performance 
in the fo’ ] '•wing areas: 

• Local stresses and overall stiffness 

• Vehicle structural crashworthiness (Occupant protection 
will be assumed to be adequate, based upon reference 
conventional ICE occuj)ant protection, if vehicle is 
crashworthy) 

11. Safety - indent if icat ion of applicable NUTSA and FMVSS 
safety recommendations and requirements and definition 

of design approaches which will satisfy those requirements, 
together with rationale thereof. 

12. Cost - Consultation on estimating producHon costs of 
major elements of the hybrid vehicle structure and aux- 
iliaries . 
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NOTE WITH RESPECT TO SUBCONTRACTOR’S DATA 

It is understood that all data in the Subcontractor’s reports, 
furnished by the Subcontractor to General Electric Corporate Re- 
search and Development hereunder, may be furnished to the Cali- 
fornia Institute of Technology Jet Propulsion Laboratory and the 
Department of Eneigy and the National Aeronautics and Space Agency 
with no restrictions. 
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development of weight propagation factors 


I PURPOSE 


off analysis. 


II METHOD 

gross weight, number of ^Algebraic functions were 

ral!vl3^rrnSeSe'?:?““SaS!pf “iliziSf least squares 

techniqx a . 

vehicle weights were diviaed into 29 egories Jor^tte^pur-^ 
pose of analyzing the data. were studied in order 

\l rtfritn; I$*i*unftron^r«rat?insj:!p^ the 

weights™nd the independent parameters stated earlier. 

Ill VEHICLES STUDIED 

The 13 vehicles studied and their gross weights ate listed 
below: 


VEHICLE 


GVW 


. Dasher 4 -Dr 
. Fiat 124 
. Fiat 128 
. Subaru DL 
. Chevette 

. Oldsmobile F-83 (1972) 

. Chevrolet Corvette 
. Chevrolet Vega 
. Ford Pinto 

. Chevrolet Chevelle (1975) 
. Chevrolet Camaro (1974) 

. Volkswagen Rabbit 
, Buick Regal (1978) 


2923 

2786 

2610 

2410 

2781 

4460 

3711 

3097 

3276 

4443 

4287 

2583 

4034 


IV DEFINITIONS: 

Wc = Vehicle curb wt-lbs. 

W„ = Vehicle gross wt-lbs. 

» Number of vehicle passengers 
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L = Vehicle wheelbase - inches 
F = Fuel system capacity ~ gallons 
D - Engine displacenient - cubic inches 

V RESULTS 

The following relationships have been developed for the var- 
ious vehicle elements. 

A Gross Vehicle Weight Related Elements. 


SYSTEM 

structural 

Bumpers 

Suspension 

Wheels & Tires 20 

Brakes 9 • 

Tools 


RELATIONSHIP 
.0437 Wg + .0000356 Wg2 
.00147Wg + .0000101 Wg^ 
.02526Wg + .00000736Wg2 
+ .04666Wg 
+ .02368 Wg 
.00281 Wg 


TOTAL 29.2+ .14358 W + 5.3 W^ x 10“^ 

B Engine Displacement Related Items. 


Engine & Transmission 

290 

+ .91D 

(including fluids) 



Exhaust System 

9 

+ . 19D 

Cooling SYstem 

24 

+ .08D 


TOTAL 323 + 1.18D 

C Ntiinber of Passenger Related. 

23. 2P 


3 ~() 


Seats & Related 


D 


Wheelbase Related, (not cjlass) 
Skins 1.4L 


E Fuel Capacity Related. 

Fuel System (inc. evap. 

emission control) 1.53F 


F Insensitive Components. 

Certain items are relatively insensitive to any of 
the variables considered in the context of this pro- 
gram. These items deal primarily with human factors 
(ie elements designed to tolerate loads supplied by 
the driver) . 

Those items which will be considered fixed in weight 
are listed below: 


Doors (4 Dr) & Deck 
Exterior Trim 
Instrument Panel 
Interior Trim 
W/S Wipers 
Fixed Glass 
Park Brake 
Brake Actuation 
Brake Hydraulics 
Controls 
Power Strg.Gear 
Steering Linkage 
Strg.Col. & Wheel 
Hydraulics 
Acc. Electrical 
Heater 

Restraint SYstem 
Air Conditioner 


174.0 

4.5 
20.0 
60.0 

7.6 

48.0 (windshield plus rear window) 
5.1 
5.3 

15.8 
9.8 

30.6 

19.8 

16.6 

14.7 

59.5 

15.5 

31.8 

126.0 


TOTAL 


664.6 lbs 


G Summary 

Totalling all of these functions, a relationship can 
be written for the curb weight of a vehicle. 


Wc = 1017 + .144 Wg + 5.3 X 10”5 wg^ 
+ 1.18D + 2*^.2P + 1.4L + 1.53F 
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Substituting Wg = Wc + payload 
and K ® 1017 + payload 

where: Payload = luggage + passenger load 

+ max fuel load + battery load + motor wt. 

+ control weight 

and K1 = K + 1.18D + 23. 2P + 1.4L + 1.53P 
then: 6.3 x 10"^ Wg2 + .856 Wg + K1 * 0 

Solving for Wg 

Wg = .856 - ^733 — (21.2 X 10"5) k1 

10.6 X 10“5 

As a check, substituting the appropriate values for 
the reference vehicle. 

K = 1017 + 750 (pass) + 200(lugg.) + 108 (fuel) 

= 2075 

K1 = K + 1.18(200) + 23.2(5) + 1.4(108.1) + 1.53(18.1) 
= 2607 
Wg = 4069 

Wc (calculated) = 4069-1058 = 3011 pounds 
which compares with an actual curb weight of 3084 pounds. 

VI PROJECTIONS OF FUTURE PRODUCTION VEHICLE WEIGHTS. 

As a result of some conversations with knowledgeable people 
within the automobile industry, it was the consensus of opin- 
ion that a reduction in vehicle weight by 1985 will not ex- 
ceed 10% to 12% for the same sized vehicle compared to 1979 
vehicles. This weight reduction will come from basic re- 
design of components with the use of more specialized parts 
(less commonality across vehicle lines) rather than by the 
substitution of other materials for any fundamental parts. 

The reasons for not shifting to aluminum or plastic components 
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in lieu of steel are: 


1) Cost effectiveness ($1.00 + per pound penalty]. 

2) Requirement for significant investment in tooling 
and equipment. 

3) Inadequate supply of alvuninum or resin products 
to meet potential automotive requirements. 
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VEHICLE DRAG PROJECTIONS 


For the purposes of the trade-off analysis, some reasonable 
drag estimate must be made for the proposed hybrid vehicle. 

The three basic elements of the total vehicle drag which 
will be considered are the aerodynamic drag, tire hystereses 
losses, and the tire rolling resistance and chassis losses. 

A Aerodynamic Drag . 

Vehicle frontal area and drag coefficient must both 
be established in order to determine the total aero- 
dynamic drag. 

The frontal area is really a function of the seating 
package selected. Utilizing the 1979 Chevrolet Malibu 
seating arrangement, a frontal area of 21 square feet 
is a resonable estimate. 

As demonstrated by the full sized wind tunnel tests of 
the GE Centennial 100 vehicle, it is apparent that a 
drag coefficient of the order of .33 is possible. This 
value must be tempered by two factors. First, the fact 
that the hybrid vehicle will require some heat exchanger 
for its internal combustion engine will increase the 
drag by approximately 6% to .35. Second, the aero- 
dynamic performance of the vehicle in yaw must be con- 
sidered since the vehicle will never operate in a zero 
wind condition. Making the assumption that a 10 mph 
wind is typical, and that the average speed of the ve- 
hicle is about 40 miles per hour, a yaw angle range of 
+ 15** would seem reasonable. 

During scale wind tunn>?l tests of the GE Centennial in 
December of 1975, the effect of yaw angle was determined 
to be an increase of 11% on the drag coefficient. For 
the purposes of calculation, therefore, drag coefficient 
of .19 should be used. 

B Speed Influences on Tire Rollins Losses . 

Based on data from a report entitled "Tire Rolling Loss 
Measurements" written by Calspan Corporation under con- 
tract to the DOT, the influence of vehicle speed on tire 
losses was determined to be 

F * .00003 WV 

where F * Drag force - pounds 
W = Weight - pounds 
V = Speed - mph 
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C .Tire ^i*^****®® • 

Tire rolling losses for radial ply tiros in equilibrium 
operating condtions are known to be of the order of .011 
pounds per pound at their rated load. However » the 
effect of warm-up is significant and can account for var- 
iations of up to 50% in tire rolling loss from "cold” to 
"warm" tires. Figure 1 is a plot of trip length verses 
rolling resistance illustrating this effect. This factor 
should be included in the trade-off analysis with the 
value selected based on the mission profile. 

D Total Vehicle Drag . 

Summing the effects outlined above, the expressions for 
the drag of the hybrid vehicle in the equilibrium con- 
dition [warm tires] can be written: 

P = .011 W + .00003 WV + (.00249) (ACd>v2 

* .011 W + .00003 WV + .02 V2 

where 


W » vehicle wt. (pounds) 

V « vehicle speed (mph) 

E Effective Vehicle Weight . 

The weight of the vehicle must be increased effectively 
for acceleration calculations to account for the rotat- 
ing inertia of the wehels and tires. This amounts to 
approximately 70% of the wheel and tire weight. Utiliz- 
ing the factors developed in section I, the weight of 
the vehicle must be increased by (.028) (Wg) for the pur- 
poses of acceleration calculations. 
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HEATER AND AIR CONDITIONER PERFORMANCE 


In order to provide "equivalent value" in the hybrid vehicle 
relative to the reference vehicle# the heater and air con- 
ditioning systems should have the same or similar performance. 
Tests were conducted on a 1979 Malibu 4-door sedan with 200 
cubic inch 6 cylinder engine to establish these performance 
levels. The vehicle was instrumented with thermocouples and 
air flow measuring apparatus in order to measure the heat 
transfer to the passenger compartment. 

HEATER PERFORMANCE 

After an overnight soak at ambient temperatures of between 5 
and 11 degrees F.# the reference vehicle was started and 
driven at 20 mph with the heater blower on maximum. Air tem- 
peratures across the heater core and blower air flow were 
measured as a function of time. "Breath level" interior com- 
partment temperatures were also monitored in order to place 
some measure on the vehicle warm-up time. Figure 1# illus- 
trates the breath level temperature as a function of time# 
and the heat transfer to the compartment as a function of 
time. 

AIR CONDITIONER PERFORMANCE 

Similar instruiuentation to the heater tests was used to meas- 
ure the heat transfer from the air acioss the evaporator. 
Figure 2 illustrates the "pull down" capability of the sys- 
tem as a function of time after a hot soak. The engine was 
at idle and the vehicle not in motion. Figure 3 shows the 
heat transfer from the air across the evaporator for the air 
conditioning system while operating at its maximum capacity. 
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A/C TEMPERATURE DROP 


1-17-79 


Time 

Thermocouple Lead ( 

*F) 

Inches 


(Min. ) 

1 

2 

3 

6 



Diff. 

Start 

EH 

66 


71 

3.74 

3.74 

0 

1 

EH 

61 


58 

4.64 

2.85 

1.79 

2 

71 

60 

45 

55 

4.64 

2.85 

1.79 

3 

70 

58 

44 

54 

4.62 

2.88 

1.74 

4 

70 

57 

39 

52 

4.62 

2.92 

1.70 

5 

70 

57 

38 

52 

4.62 

2.92 

1.70 

6 

71 

56 

38 

51 

4.62 

2.92 

1.70 

7 

70 

56 

37 

50 

4.60 

2.94 

1.66 

8 

70 

55 

37 

49 

4.58 

2.96 

1.62 

9 

71 

55 

36 

49 

4.58 

2.95 

1.63 

10 

70 

55 

35 

48 

4.58 

2.97 

1.61 

11 

70 

55 

36 

48 

4.59 

2.98 

1.61 

12 

71 

55 

34 

48 

4.58 

2.98 

1.60 

13 


55 

38 

48 

4.58 

2.98 

1.60 

14 


55 

39 

43 

4.58 

2.98 

1.60 

15 

72 

54 

38 

48 

4.58 

2.98 

1.60 


Thermocouple Lead 

1 

2 

3 

6 


Location 

Outside Air 
Air to A/C Core 
Air From A/C Core 
Passenger Compt. Breath 
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HEATING TEMPERATURE RISE 1-17-79 


Time 
(Min. ) 


Ther 

mocouple Lead (°F) 

Inches 

m 

2 

3 

4 

5 

6 

Pitot 

Tube 

Static 

Tube 

Diff . 

Start 

19 

24 

11 

13 

12 

11 

3 

.43 

3.43 

0 

3 

Bl 

28 

18 

52 

73 

18 

3 

.80 

3.14 

.66 

5 

13 

38 

25 

78 

99 

30 

3 

.84 

3.11 

.73 

7 1/2 

11 

50 

42 

107 

130 

56 

3 

.86 

3.07 

.79 

10 

13 

60 

49 

129 

154 

85 

3 

.90 

3.04 

.86 

12 1/2 

10 

68 

42 

146 

172 

106 

3 

.95 

2.98 

.97 

15 

12 

78 

50 

159 

187 

121 

4 

.00 

2.92 

1.08 

17 1/2 

12 

86 

53 

167 

19 3 

ie 

170 

4 

.01 

2.91 

1.10 

20 

13 

91 

58 

166 

192 

184 

4 

.02 

2.89 

1.13 

22 1/2 

12 

96 

68 

167 

192 

188 

4 

.03 

2.88 

1.15 

25 

14 

111 

76 

167 

192 

182 

4 

.04 

2.87 

1.17 

27 1/2 

12 


76 

168 

193 

185 

4 

.05 

2.85 

1.20 

30 

12 

19 

80 

167 

192 

186 

4 

.06 

2.84 

1.22 


Thermocouple Lead 
1 
2 

3 

4 

5 

6 


Location 

Outside Air 

Passenger Compt. Breath 
Air to Heater Core 
Air from Heater Core 
Heater Core Water Temp . 
Radiator Water Temp. 


*Rise is Rapid 









ACCESSORY POWER REQUIREMENTS 


Accessory power requirements for the hybrid vehicle were de- 
rived from measurements on the reference vehicle. Power re- 
quirements for the air conditioner/ the alternator/ and the 
power steering pump were determined by measurements made on 
a Chevrolet Malibu using a strain gauged crankshaft pulley. 

The results of these tests follow. 

A Air Conditioner Power Requirements . (Drive Ratio* 1.4:1) 

Figure 1 is a plot of compressor horsepower as a 
function of compressor speed. The compressor is 
operating at its maximum load. The ratio of com- 
pressor speed to vehicle speed is 50.4 rpm/mph. 

B Al-'r.ernator Power Requirements . (Drive Ratio 3.1:1) 

Figure 2 is a plot of alternator power require- 
ments as a function of speed and charging current. 

The ratio of alternator speed to car speed is 
111.6 rpm/mph. 

C Power Steering Power Requirements . (Drive Ratio 1.2:1) 

Figure 3 is a plot of road load power steering 
pump requirements with zero steering effort applied. 

In addition to these losses/ which are essentially 
parasitic/ there is an additional requirement for 
parking and high speed maneuvers. Figure 3 also 
presents the instantaneous power required by the 
power steering pump for maximum performance. 

Although these power levels are high/ they represent 
instantaneous values. Tests run on simulated city and 
highway driving cycles yield more realistic power 
steering system power requirements for the purposes 
of range calculations. 

Losses on the city driving cycle are approximately 
.75 horsepower while the highway driving cycle will 
drop these values to about .65 horsepower on the 
average . 


*Ratio to engine speed 
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TRIAD SERVICES INC. • 32049 HOWARD ST. • MADISON HEIGHTS. MICH. 48071 • 313/589-2355 


February 6, 1979 


Di. . A. F. Burke 
General Electric Company 
Corporate Research and Development 
Building 37 - Room 2078 
P.O. Box 43 

Schenectady, New York 12301 


Dear Andy: 

The following chart, summarizes the results, of the accessory 
power system tests run on a 1979 Malibu vehicle. 


Accessory 

Parking Liyhts 
Low Beam Headlights 
High Beam Headlights 
Turn Signals (avg.) 
Hazard Lights (avg.) 
interior Lights 
Windshield Wipers 
dry - low speed 
wet - low speed 
dry - high speed 
wet - high speed 
Ventilation Pan 
low speed 
2nd speed 
3rd speed 
high speed 

Rear Window De~fogger 
Radio 

Cigarette Lighter 
Horn 

Engine Ignition System 
Air Conditioner Clutch 


Power Requirements (Watts) 

101 

203 

254 

84 

179 

45 

98 

90 

83 

70 

32 

73 

112 

159 

231 

10 

62 

25 

25 

44 
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The regulated charging system voltage on a charged battery 
was 14.6 volts D.C. 

We are continuing with our preliminary packaging studios. 

1 hope to have some drawings available when I see you on 
the 21st. 

Very truly yours, 

/l'u /■ 

Michael A. Pocobello 


MAP/np 

cc: R. n. Guess 
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WEIGHT ANALYSIS FOR TRADE-OFF STUDIES 


ASSUMPTIONS 

. 4 Door Sedan 

. 1979 Malibu Seating Package 
. Power Steering Standard 
. Power Brakes Standard 
. Air Conditioning Standard 
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WEIGHT RELATICNSHIP 


= ,856 - 1/733 - (21,2 X 10~^ 

10,6 X 10-5 

WHERE 

K1 = K + 1.18D + 23. 2P + 1.4L + 1.53F 

AND 

K “ 1017 + Luggage + Passenger Load + 
Max. Fuel Load + Battery Load 
+ Motor Weight + Control Weight 

D = Engine Displacement (cu.in.) 

P = Number of Passengers 

L = Wheelbase (inches) 

F * Fuel Capacity (gallons) 
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TOTAL VEHICLE DRAG 


F « .Oil w + .00003 wv + .02v2 

WHERE W * TEST WEIGHT (POUNDS ) 
V * VEHICLE SPEED (MPH) 


ASSUMPTIONS 

, 1979 Malibu Frontal Area (21 ft^ ) 
Yaw Weighted Drag Coefficient of .39 
. "warm" Radial Ply Tires 
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AUXILIARY POWER REQUIREMENTS 


Accessory 

Parking Lights 
Low Beam Headlights 
High Beam Headlights 
Turn Signals (avg.) 
Hazard Lights (avg.) 
Interior Lights 
Windshield Wipers 
dry - low speed 
wet - low speed 
dry - high speed 
wet - high speed 
Ventilation Fan 
low speed 
2nd speed 
3rd speed 
high speed 

Rear Window De-fogger 
Radio 

Cigarette Lighter 
Horn 

Engine Ignition System 
Air Conditioner Clutch 


Power Requirements (Watts) 

101 

203 

254 

84 

179 

45 

98 

90 

83 

70 

32 

73 

112 

159 

231 

10 

62 

25 

25 

44 
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ACCESSORY POWER SYSTEMS 


SYSTEMS 

. Power Steering 
. Power Brakes 
. Air Conditioner 
. Lighting 
. Heater & Defroster 
. Windshield Wiping 
. Transmission Clutching 
. Comfort & Convenience Items 


CONVENTIONAL ACCESSORY POWER SYSTEMS 


. SYSTEM 


POWER SOURCE 


Power Steering 
Power Brakes 
Air Conditioner 
Lighting 

Heater & Defrosting 
Windshield Wiping 
Transmission CLutching 
Comfort & Convenience 
Engine Starting 


Open Centered Hydraulic 
Engine Manifold Vacuum Boosted 
Vapor-Compression-Engine Driven 
Alternator (14. 6V) 

Waste Heat and Alternator 
Alternator 

Open Centered Hydraulic 
Alternator 
Accessory Battery 
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HEATER/DEFROSTER 


, Waste Engine and Motor Heat 
, Auxiliary Burner 
. Stored Heat (Moulten Salt?) 

, Heat Pump Augmented by Waste Heat 
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POWER BRAKE SYSTEMS 


Upen-Center Hydraulic Booster 

Closed-Center Hydraulically Boosted 
WITH Charging Valve 

Closed-Center Hydraulically Boosted 
WITH Variable Displacement Pump 

Manual Drum Brakes/Regen to Zero Speed 


POWER STEERING SYSTEMS 


. Open-Centered Hydraulic System 

. Closed-Center Hydraulic System with 
Charging Valve 

. Closed-Center Hydraulic System with 
Variable Displacement Pump 
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ACCESSORY ELECTRICAL SYSTEMS 

. Separate Alternator Driven from 
Prime Movers 

. Alternator Integral with Drive Motor 
. DC/DC Converter 

I High Voltage Accessories - Powered 
FROM Main Battery Pack 
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TRANSMISSION CLUTCHING 

Open Centered Hydraulic 
. Driveline integral 
• Accessory package 

Closed-Center Hydraulic 

Electro-Magnetic 
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ENGINE STARTING SYSTEMS 

. Low Voltage System/Small Motor/ 

Crude Gearset. Intended for 
Infrequent Use. 

. High Voltage System/Lubricated Gearset/ 
High Motor Rating for Frequent Use 

. Drive Motor Starts Engine through Drive- 
Line (vehicle must be in motion) 

• Drive Motor Starts Engine Independent 
OF Vehicle Drive 


POSSIBLE SYSTEM ALTERNATES 

, Heat Engine Idling 

Accessories Driven by Heat Engine 

, Heater and A/C Conventional 
. Engine Starting Conventional 
. Acceleration Response Better 

, Electric Motor Idling 

, No Armature Electronics 
. Over-running Clutch Accessory Drive 
Drive Motor Starts Engine 
. Heater ? 

. Neither Prime Mover Idling 

. Separate Accessory Drive Motor? 

, Separate Engine Starting Motor? 

, Heater and AC? 

. Storage for Power Steering and 

Transmission Shifting 
, Accessory Power Source? 
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PACKAGING CONSIDERATIONS - WOR SYSTEMS 


(1) Seating Package “ 1979 Malibu - ^ Door 

(2) Engine - ^ Cyl (70-80 hp) 

(3) Lead Acid Batteries (700 Pounds) 
m ) Electric Motor - (GE 2364) 

(5) 4 Speed Automatic Transmission 

(6) 12 Gallon Fuel Tank 

(7) Parallel Hybrid with Differential 
Driveline Input 

(8) Catalytic Converter for Emission Control 
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WAfilC INTERIOR PIMENSIQNS-REFERENCE VEHICLE 


Front CompArtment 


DEGREES IN 


W20 Centerline Occupant to 
Centerline Car 
H61 Effective Headroom 
L64 Maximum Effective Leg Room 

H30 N Point to Heel Hard 

(chair height) 

L40 Back Angle 

L42 Hip Angle 

L44 Knee Angle 

L46 Foot Angle 

L53 H Point to Heel Point 

L17 H Point Travel 

H58 H Point Rise 

W3 Shoulder Room 

W5 Hip Room 

W16 Seat Width 


14.48 
38.70 
42.75 

8.97 

26.5 

99.5 
131.0 

87.0 

35.07 

6.73 

.98 

51.32 

52.20 

49.49 


Rear Compartment 

L50 H Point Couple 

W25 Centerline Occupant to 
Centerline Car 
H63 Effective Head Room 

LSI Maximum Effective Leg Room 

H31 H Point to Heel Point 

(chair height) 

L41 Back Angle 

L43 Hip Angle 

L45 Knee Angle 

L47 Foot Angle 

W4 Shoulder Room 

W6 Hip Room 


32.56 

13.27 

37.68 

38.00 

11.73 

27 

92 

102 

118.5 

57.08 

55.59 


Control Location 


DEGREES IN 


H18 Steering Wheel Angle 

L7 Steering Wheel Torso Clearance 

L13 Brake Pedal Knee Clear 

L52 Brake Pedal to Accelerator 
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19.5 

13.38 

24.42 

4.48 


MM 


368 

983 

1086 

228 


891 

171 

25 

1456 

1326 

1257 


827 

337 

957 

965 

298 


1450 

1412 


MM 


340 

595 

114 


1 

CRITERION FOR SELECTION OF PACKAGE 

I 

(1) Crashworthiness 

. Structural Requirements 

I 

! . Dynamics 

. Fuel System Protection 

(2) Vehicle Mass 

i 

! 

j (3) Handling Character 

? . Weight Distribution 

i 

! . Polar Moment of Inertia 

) . Suspension Types 

) m ) Serviceability 

) . Engine 

! 

. Control System 

•s 

i . Battery 

j 

) 

I (5) Luggage Compartment 

I . Size 

j . Location 

1 (6) Passenger Compartment Intrusion 
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"3:iary Layout - Space Relation 
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StCtlOll 4 

MOTORS AND CONTROLS FOR HYBRID VEHICLES 


4.1 BACKGROUND 

In 1975# General Electric Corporate Research and Develoj^ent 
began a long-range program to make substantial improvements in 
motors and controls for electric and hybrid vehicles. 

Initially# n comprehensive survey was made considering all 
types of motors and controls which were amenable to electric and 
hybrid vehicles depending upon the time frame in which they were 
used. This survey was presented orally to the Department of Energy 
(then called Research and Development Administration) as part of 
a comprehensive plan to develop advanced electric vehicles (see 
Attachment A). The General Electric Company# Electric Storage 
Battery Inc.# and Triad Services Inc.# recommended the overall 
program and offered to submit an unsolicited proposal. This offer 
was declined# and the proposal was never formalized* The survey 
of motors and controls was not published# but the draft version 
has been used heavily by General Electric in program definition, 
proposed preparation# and reports in this# as well as a number 
of other subsequent projects. 

Several major developments either planned# under way# or com- 
pleted which followed this comprehensive design are: 

1. Development of an electric vehicle designed from the ground 
up to demonstrate the state-of-the-technology drive system 
and to establish a baseline against which to identify and 
measure improvements.'^' This was actually built with 

a commercially available General Electric direct current 
series motor and SCR chopper direct current armature con- 
trol and is identified as the GE-100 Centennial Electric 
(see Attachment B). 

2. Development of an inductor motor/alternator with flywheel 
and load inverter for acceleration and regenerative brak- 
ing for the Department of Energy.'^' 

3. Development of a Department of Energy Near-Term Electric 
Vehicle with improved performance and utilizing regenera- 
tion advancements in the state-of-the-technology in the 
separately excited direct current motor (Figure 4-1)# tr»e 
regenerative armature chopper utilizing new transistorized 
power modules# microcomputer controls# and on tie improved 
lead-acid battery. (3) 

4. Development of a high-speed induction motor being built 
for National Aeronautics and Space Agency (NASA) Lewis 
Research Center featuring low volume# low weight# and low 
cost.^^^ This development is aimed at electric vehicles 
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Figure 4-1. Direct Current Separately Excited Motor 
Used in Near-Term Electric Vehicle 

that will succeed the Near-Term Vehicles perhaps in the 
mid 1980's. A proof-of-concept motor is shown in Fig- 
ure 4-3, which compares it to the equivalent direct cur- 
rent separately excited motor developed in Item 3. 

5. Development of an advanced permanent magnet disc motor 
on a General Electric program intended to produce very 
lightweight, low volume, and very low-cost electric drives. 
This work is aimed at the truly advanced electric yehicle 
in the latter part of the 1980's and early 1990's.'^'®' 

A proof-of-concept motor has been developed and is shown 
in Figure 4-2 which compares it to the equivalent direct 
current separately excited motor developed in Item 3. 

Each of the items listed above was accomplished after exten- 
sive modeling and analysis. These studies were consulted exten- 
sively in the sections that follow to make the required design 
trade-off studies for the hybrid vehicle program. 

4.1.1 PREVIOUS TRADE-OFF STUDIES 

The overall drive system requirements and the detailed eval- 
uation of alternate direct current drives were made for the Near- 
Term Electric Vehicle Program, Phases I and II. These will not 
be repeated in this study. Specific designs and ratings will be 
scaled to accomplish the trade-off using direct current drives 
for the hybrid vehicle. 
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The alternating current drive evaluations have met the over- 
all drive system requirements as developed in the Near-Term Elec- 
tric Vehicle Program, Phases 1 and II. Additional studies have 
been undertaken and are described subsequently. 

in early 1978, General Electric Corporate Research and De- 
velopment conducted a trade-off study of a myriad of alternate 
ac drive systems to identify an appropriate drive or drives that 
should be undertaken by General Electric. This study was not pub- 
lished, but summary sheets are presented as Attachment C which 
reports the findings, conclusions, and recommendations. The two 
motor development programs mentioned earlier, the NASA high-speed 
ac induction motor and the longer range General Electric synchro- 
nous ac permanent magnet disc motor programs were specifically 
recommended and are the direct result of this study. 

4.1.2 PRESENT TRADE-OFF STUDY 

As part of the hybrid vehicle trade-off studies, additional 
work has been done to examine the application of ac drives to the 
hybrid vehicle. An internal memorandum was issued describing the 
specific information needed. The resulting information is given 
in Attachment D. This attachment provides the necessary scaling 
factors for ac motors and controls for determining size, weight, 
and cost. 

Detailed information of reference ac and dc motors to deter- 
mine dynamic performance was provided by the General Electric 
DC Motor and Generator and Small AC Motor Departments, respectively. 
These designs and this scaling methodology are given in Attach- 
ment D. 

4.1.3 PRODUCIBILITY ANALYSIS 

A detailed study of producibility and cost of the power con- 
ditioning unit for the Near-Term Electric Vehicle has been made 
and is used in the detailed trade-off studies. This is given in 
Attachment E. 

4.2 TECHNICAL DISCUSSION 

This section summarizes the trade-offs that were made dur- 
ing the studies noted in Section 4.1 of this volume. 

The electric propulsion system chosen is one that has regen- 
eration capability. Preliminary evaluation of the hybrid vehicle 
requirements indicated the drive for the Near-Term Electric Vehi- 
cle would come close to fulfilling the hybrid vehicle requirements. 

Figures 4-4 and 4-5 show the alternate types of motors and 
controls which were considered. Initial screening results ar«> 
as follows. 
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Figure 4-4. Candidate Motors 












Figure 4-5. Candidate Motors and Controls 
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1 DC Motors - The Near-Term Electric Vehicle Program se- 

trSnsistolize^choppe? ^o^b^the^r^fe^red ^holcrep dc 
These were assigned the rating of ninety in t e 

irthe^ostibilurof ising'tS^ type of motoJ^i iS^^iefS 
iontrol^and a shifting transmission for an alternate ap 
proach to armature control. 

rT"hiahirSe8i?abi«^on^ ^9^ cI!:iiL?M*ir?he‘’Sen- 

eta^EJe^Uic irD?i«s S?Sa” ^However, thaae. would not 
matire soon enough for long-scale manufacture ^he^m^d 

1980 's as required by the ^ 

both the ac and dc versions of these motors. 

•a ZIP Qvnrhronous Motors - Wound Field. This type of motor 
:ith^e1th» a transistoritad in ih^ofn- 

mutated ‘hytistor inverter ^was^Mghly^tat^^ 

®'^^^honr 2 oflfqef and heavier than the induction motor; 
iL^““t rfar ^nr£ £ M^nly developed o^ 

as the induction motor; and ggs^ntially the same, 

hiahpr The performance in range is essenv-xai j 

“ r£i€:i- 

liability problems. 

4* AC synchronous Motors - Induc^ . These^m^^^ 

motors are heavier and more costly r y 
didates for vehicle propulsion motors. 

c; ar Induction Motors. This type of motor with transistor- 

a hiah-speed (15,000 rpm) motor with gear 
offe?s lower vfight and cost but Is not in 
facture; and a lower speed (5000 rpm) motor whic 
derivative of a production motor. 

“uLr^^^rH^Hyi^d vCSl l^'etSula ion pic,ja. us^ no^al- 
ized parameters of a reference motor (Figure 4 t>) 
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REFERENCE MOTOR 
DATA 



t 

* OUTPUT 


INPUT DATA 
FOR VEHICLE MOTOR 
( DESIRED SPEED 
AND SHAFT POWER ) 


Figure 4-6. Vehicle Performance Computations 

normalization of the reference motor data makes possible 
the use of the same data for different sized vehicles (up 
to +50% duration from the size of the reference motor). 
The'data for the two reference motors used are shown in 
Tables 4-1 and 4-2. The input data required of the vehicle 
motor is the rated speed, voltage, flux and continuous 
duty output power. All the motor parameters are normal- 
ized in terms of the rated voltage, current, speed, and 
flux of the reference motor. 
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Table 4-1 
DC MOTOR DATA 


Continuous Duty Rating 

20 hp 

Base Speed 

2500 rpm 

Max Speed 

5000 rpm 

Rated Current 

175 A 

Rated Voltage 

96 V 

Rated Field Current 

4.9 A 

Armature Winding 


Winding Resistance 

0.024H 

Winding Inductance Unsaturated 

0.52 mH 

Field winding - Separately 

Excited 

Winding Resistance 

4.3ft 

Winding Inductance Unsaturated 

2.3 H 

Turns per Pole 

330 


Torque Constant = 0.352 Ibf t/A-megal inc 

Voltage Constant = 0.05 V/rpm-megal ine 
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Table A-2 
AC MOTOR DATA 

Continuous Duty Rating 

Base Speed (60 Hz) 

Voltage per Phase (LN) 

Line Current 

Power Factor 

Slip 

Stator Resistance 
(per Phase at 95 °C) 

Rotor Resistance 

(per Phase Referred to Stator) 

Stator Reactance 

Rotor Reactance 

(per Phase Referred to Stator) 

Magnetizing Reactance 

(per Phase Referred to Stator) 

Magnetizing Brance Resistance 
(in Series with Reactance) 
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20 hp 
1800 rpm 
266 V 
23.32 A 
0.87 
0.0297 
0.3322fl 

0.2466^2 

1.157ft 

1.184ft 

42.45ft 

1.467ft 
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4.3 CONCLUSIONS 

The motors and controls to be used in the detailed trade-off 
studies are as follows: 

4.3.1 DC DRIVE SYSTEMS 

e Alternate A 

- Separately excited dc motor 

- Transistorized regenerative armature chopper 

- Transistorized field control 

- Fixed-gear reduction 

• Alternate B 

- Separately excited dc motor 

- Transistorized field control 

- Shifting transmission and clutch 

- Armature resistor for motor starting at no load 

4.3.2 AC DRIVE SYSTEM 

• Alternate A 

- AC induction motor (5000 rpm) 

- Transistorized voltage inverter 

- Fixed-gear reduction 

• Alternate B* 

■ AC induction motor/gear reducer (15,000/5,000 rpm) 

- . lansistor ized voltage inverter 

- Fixed-gear reduction 

*Note: Alternates A & B are considered to be so nearly equivalent 
that all calculations will be made using Alternate A since 
detailed motor characteristics are available for Alternate A. 
Should Alternate B become available as a result of the NASA 
program, then it will be considered for this application. 
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Sactlon 4 
ATTACHMENTS 


Section 4 Attachment A 


PROPOSED DEVELOPMENT PROGRAM 
ON ADVANCED ELECTRIC VEHICLE 
OCTOBER 1975 


PROPOSED DEVELOPMENT PROGRAM 

ON 

ADVANCED ELECTRIC VEHICLE 

foir 

Enfirgy Research and Development Administration 
Washington, D.C. 

October 2, 1975 


by 

Electric Storage Battery, Inc. 
General Electric Company 
Triad Services, Inc. 


Al quBuions raganing tMs orapossd 

'* program shouU be submitted to; 


Mr. M.W. GoUman 

Jvwentalive - Science and Ted^^ 
General Electric Cemgany 

777 14th Street N.W. 

Washingten, D.C. 20005 
Tetaphene: 2Q2'S37-4275 
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ADVANCED ELECTRIC VEHICLE REQUIREMENTS 

• IMPROVED RANGE 

' Higher Overall Drive System Efficiency 

■ Improved Battery Performance, KWH/# 

■ Recovery of Braking Energy 

‘ Reduce Battery Peak Power Drains 

- Better Aerodynamics 

• IMPROVE ACCELERATION WITHOUT AFFECTING 
BAHERY CAPACITY 

• REDUCE VEHICLE WEIGHT AND COST 

- Smaller Motor and Electronics 
• Better Battery Utilization 

- Lighter Vehicle Materials 

• IMPROVE RIDE QUALITY AND HANDLING 
CHARACTERISTICS 

• MEETS SAFETY REQUIREMENTS 




ELECTRIC VEHICLE DRIVE SYSTEM OPTIONS 

POWER TRACTION 

ENERGY STORAGE CONDITIONiNG UNIT MOTOR TRANSMISSION REGENERATION 






ADVANCED ELECTRIC VEHICLE 
DEVELOPMENT PROGRAMS 


Immediate - 0 to t Year 
Near Term ~ 1 to 1 Years 
Mid Term - 2 to 3 Years 
Long Term - 3 to 5 Years 
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BAnERY-FLYWHEEL REGENERATIVE PROPULSION SYSTEM 


1 



Hybral System - Extends Vehide Range 



VEHICLE RANGE - MILES 




INVERTER/RECnHER CONTROL 






ADVANCED ELECTRIC VEHICLE DEVELDPMENT PRD6RAM 


BAHERY DEVELOPMENT 
AND HARDWARE 
(ESBINa 


ADVANCED ELECTRIC 
VEHICLE 
(EROA.GE 
ESB INC.. TRIAD) 


CHASSIS 

DEVELOPMENT 

HARDWARE 

(TRIAD) 


BASIC ANALYSIS OF COMPONENTS 

• Po»itivt Qfid - Computtr MoM 

• Paste ' Scratfi Tail 

• NoDativa Plate - Screen Teat 

• Separator - Screen Teat 


(12 Months 
Duration) 


PROPULSION I 

SYSTEM DEVELOPMENT D \ 
HARDWARE 
(6E) 


BASIC SYSTEM OESIGN 
0 CONTROL 
• Computer Modeling 


COMPONENT DESIGN 



CUSTOMER 
REVIEW TO 
COMMIT TO 
HARDWARE 


ESTABLISH 


VEHICLE 


VEHICLE 


SYSTEMS 


SPECS 


ANALYSIS 



GEiERDA 
(1 Month 


GE 

(1V^ Months 


ESTABLISH 

PROPULSION 

SYSTEM 

SELECTIONS 

COMPONENT 

SPECS 

GEfESBiTRIAD 
(1 *4 Months 


CUSTOMER 
APPROVAL 
FOR VEHICLE 
ANOORIVE 
SYSTEM OESIGN 



OESIGN; 

• PosittvaGrid 

• Paste 

• Negative Plate 

• Separator 

• AHoy 


Connectors 
(2 Months 


CUSTOMERj 
REVIEW TO . 
COMMIT It 
HARDWAM 


FABRICATE: 

• Motor/Ftywheel 

• RecHfier/Inverter 

• System Conuol 

• TrKtkm Motor 

(9 Months 


From Start) 


VEHICLE N^ECS 


PRELIMINARY OESIGN OF 
VEHICLE; 

• Steering 


• Layout of Drive 
System 


(C Months 


CUSTOMER 
REVIEW TO 
COMMIT TO 
HARDWARE 

T 

I 

I 

I YEAR 


FABRICATE: 

• Vehicle Body 

• Chassis 

• Suspension 

14 Month 
Duration) 


PitfeCEDING PAGE BLANK NOT FILMEIi 


not IT PRP**® 
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-JmHi 

Grill 


IHiQitivt Ftatt 

Si^itur 

Amy 

Gtntiintri 

Cfliywctort 


CUSTOMER 
REVIEW TO 
COMMIT TO 
HARDWARE 


DEVELOPMENT TOOLING: 

• GridMoiM 

• Strip MouM 

• ContainirMoiiM 

• Sepiritor 

• Burning Boxm 


(OMontht 


l2Nlonth 


(EMonthi 

Ovition) 


-^CATE; 
fKMor/RywM 
KictHifrllnvertir 
Syittm Control 
Tnction Motor 


COMPONENT 


• RMtiRor/liiVirtor 

• Syitom Control 

• TrKtkm Motor 


(3 Month 
OurationI 



-FABRICATE: 

^ VoNclfBatv 
ChMM 
^ SuMniion 

(4 Month 


INSTALL KEY COMPONENTS 

• TrKtkm Motor 

• Conventtoml Load Acid 

Battary Er Choppor 

PRETEST OF NEW VEHICLE 
WITHOUT NEW PROPULSION 
SYSTEM 

(2 Month! 


FABRICATE fi ASSEMBLE 

• PoOitIviGrid 

• Nogativo Plata 

• Sf^ator 

• Containar 

• 







LABORATORY 
TESTING OF 
ASSEMBLED 
BAHERY 


START LIFE 

CONTINUING EFFORT 




blblc Ital 

OFBAHERIES 


^ VWiW 

n 

1 

12 Month 

128 Month! 





from Start) 


SYSTEM DRIVE TESTING 
LABORATORY: 


Syitam Control 
TrKtkm Motor 



(S Month 


127 Month! 
from Start) 


BATTERY NEEDED 

FORLAST3 

MONTHS 


I 

I 

2 YEARS 


k 


TEST 


TEST 

— ^ 

PROGRAM 

VEHICLE 


COMPLnED 


(6 month 


134 Month! 

from 

Start) 



I 

I 

I 

3 YEARS 


fcOLDOtj r FfMiwf, 2 





\ 

1 





I 

I 

i 
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PACT SHEETS 

GE-100 CENTENNIAL ELECTRIC VEHICLE 


VEHICLE ORIGIN 

• Developer 

• Propulsion System, Electrical 
Components, Plastics 

• Battery 

• Vehicle Design & Fabrication 

VEHICLE DESCRIPTION 
Type 
Color 
Capacity 

Curb Weight (including battery) 

Gross Weight 

Frontal Area 

Cjj - Drag Coefficient 

- 0® Yaw 

- Weighted for Yaw 
Wheel Base 

Width 

Length 

Height 

Ground Clearance 


GE-CRD 

General Electric Co. 

Globe-Union, Inc. 
'’’riad Services, Inc. 

3-Door Commuter 
Two- tone Blue 
4 Adults 
3250 # 

3850 « 

19.9 ft^ 

0.337 

0.367 

92 in. 

66.1 in. 

160 in. 

53.6 in. 

6 in. 
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PACT SHEETS 

GE-100 CENTENNIAL ELECTRIC VEHICLE 


VEHICLE SPECIAL FEATURES 

• Designed from ground up as Electric Vehicle 

- reduced aerodynamic drag 

“ designed to meet Federal Motor Vehicle Safety 
Standards 

• Utilizes coiiunercially available components 

• Excellent handling 

- front wheel drive 

- low center of gravity 

- low polar moment of inertia 

- good front to rear weight balance 

• Unique packaging 

- batteries in separate tunnel 

- batteries removable as single unit 

- side doors open parallel to body (14“ clearance) 

- full height gull wing rear hatch 

- rear facing back seats with ample room for two 
full-sized adults 

• Minimum difference in driving "feel" 

- location of controls 

- similarity of instruments 

- similar handling characteristics 

• Selected materials 

- stainless stool undt>rbody 

- mild steel body 

- TiCx.in^^ pol vrarboUiit (' rosiii side and rt'ar windows 

- l.oxan^ h<'a<Uaini'« oovors 

t ht't mopl a;;f i o rosin dasliboard and oonsoh' 

*Loxan® and Noryl® ar<' rt'gi.-.ti .<'d t r.uit'inai ks of (tenoral Electric 
Company 

•IK-.I 




FACT SHEETS 

GE-100 CENTENNIAL ELECTRIC VEHICLE 


PERFORMANCE (Measured) 

Range 

Urban - SAE J227a Schedule D 

40 MPH Constant Speed 

55 MPH - Cruising (calculated) 


45 miles 
75 miles 
50 miles 


Acceleration 


30 

MPH 

9 

sec 

40 

MPH 

14 

sec 

50 

MPH 

30 

sec 


Speed 

Cruising 55 mph 

Passing 60 mph 


Grade 


Maximum 


30 % 


FACT SHEETS 

GE-100 CENTENNIAL ELECTRIC VEHICLE 


DRIVE TRAIN DESCRIPTION 

Armature Chopper & Controls 

Chopper Efficiency 

DC Series Motor - 24 HP, 230# 

Maximum Motor Efficiency 

Propulsion Battery (3-year life) 
108 V - 1225 # 

Battery Recharge Time 
230 V - 30 A 

Power Wiring Resistance 

Drive Train Mechanical Efficiency 

Fixed Gear Ratio 

Motor/Vehicle Speed Ratio 


EV-1 (GE) 

> 95% 

5BT2364 (GE) 

86 % 

(18) GC-419 (6V lead-acid) 
Globe-Union 

I 

6-8 hours 

0.002 fl 

98% 

5.62 : 1 
80.5 RPM/MPH 



PACT SHEETS 

GE-100 CENTENNIAL ELECTRIC VEHICLE 


GE PRODUCTS DEPARTMENT 

• EV-1 Controls, Contactors Industry Control Dept. 

• 5BT2364 Motor DC Motor & Gen. Dept. 

• Lexan® Windows* & Headlamp Covers Plastic Sales Dept. 


• Noryl^ Instrument Panel, Dash, 
Console, Wheel Covers 

• Connectors, Plugs, Receptables 

• Instruments & Shunts 

• Wire & Cable 

• Radio 

• Head, Rear & Marker Lights 

• Interior Surface Finish 

• Microswitches & Switchettes 

• Lubricants & Sealants 

• Windshield by Pittsburgh Plate 


Plastic Sales Dept. 

Wiring Devices Dept. 

Meter Dept. 

Wire & Cable Dept. 

Audio Products Dept. 

Miniature Lamp Dept. 

Laminated & Insulating 
Products Dept. 

Appliance Control 
Products Dept. 

Silicone Products Dept. 

Glass 
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PACT SHEETS 

GE 100 CENTENNIAL ELECTRIC VEHICLE 


ENERGY CONSUMPTION - KWh/Mile 

(Battery and Charger Efficiency « 70%) 


Type of Driving 

• SAE J227a - Schedule D 

• 40 MPH Constant Speed 


Energy Consumption 
(KWh-roi) 

Input to Charger 
Prom Wallplug 


Prom Battery 


0.429 

0.285 


0.300 

0.193 


VEHICLE SUMMARY DATA SHEET 


1.0 Vehicle manufacturer General Electric/Trlad Services. Inc. 


2.0 Vehicle GE Reference Electric Vehicle 

3.0 Price and availability One of a kind - experimental prototype $250 K 

estimated replacement value 


4.0 Vehicle weight and load 

4.1 Ctarb weight, kg (Ibm) 

4.2 Gross vehicle weight, kg (Ibm) 

4.3 Cargo weight, kg (Ibm) 

4.4 Number of passengers 

4.5 Payload, kg (Ibm) 

5.0 Vehicle Size 

5.1 Wheelbase, m (in.) 

5.2 Length, m (in.) 

5.3 Width, m (in.) 

5.4 Height, m (in.) 

5.5 Head room, m (in.) 

5.6 Leg room, m (in.) 

5.7 Frontal area, m^ (ft^) 

5.8 Road clearance, m (in.) 

5.9 Number of seats 


1475 (3250) 
1747 (3850) 


272 (600) 


2,34 (92) 

4.06 (160) 
1.68 ( 66 . 1 ) 
1.36 (53.6) 

.97 (38.3) 

1.06 (41.9) 
1.77 (19) 

.15 (6) 


6.0 Auxiliaries and options 

6.1 Lights (number, type, and function) Dual Beam Headlights (4) . 
Front Par king & Direction, Front Side Markers (Parking & 
Direction) , Rear Tail Lamp Assembly (Backup, Tailliqht, Di- 
rectional, Stop) , Rear Lie. Plate Lamp, Rear Side Markers 

(Tail) - Dome l ight, 2 courtesy lamps. Dash cluster illxunina- 
tion lamps. 


6.2 Windshield wipers Non-Depressed Park Yes 

6.3 Windshield washers Integral with wiper motor Yes 

6.4 Defroster Gas Heater - Ram air & blower Yes 

6 . 5 Heater Gas Heater - Ram air & blower Yes 

6 . 6 Radio No 

6.7 Fuel gauge Battery state of charge Yes 

6 . 8 Ainpmeter Yes 

6 . 9 Tachometer no 

6.10 Speedometer bdo Yes 

6.11 Odometer + Trip Odometer Yes 

6.12 Right- or left-hand drive lH 

6.13 Transmission Direct Drive No 

6.14 Regenerative braking No 

6.15 Mirrors Interior Rear View & L&R Exterior Yes 

6.16 Power steering no 

6.17 Power brakes no 

6.18 Other Radio - AM/FM/Stereo CB Tranceiver Yes 

7.0 Batteries 

7.1 Propulsion batteries 

7.1.1 Type and manufacturer GC-419 - Globe-Union, Inc. Lead-a cid 

7.1.2 Number of modules 18 

7.1.3 Number of cells 3 each 54 

7.1.4 Operating voltage, V 6 volts each 108 

7.1.5 Capacity, Ah 75A for 106 minutes 132.5 

7.1.6 Size of each battery, m (in.) L = 0.26 (10 3/8) , 

W » 0.18 (7 3/16). H = 0.29 (11 11/32) 

7.1.7 Weight kg (Ibm) per module 30.9 (68.1) 

7.1.8 History (age, number of cycles, etc.) New - Few 

cycles operating vehicle during shakedown 

7.2 Auxiliary battery 

7.2.1 Type and manufacturer Snowmobile Garden Tractor 

Globe-Union, Inc. - Lead-Acid 

6 


7.2.2 


Number of cells 


12 


7.2.3 Operating voltage, V 

7.2.4 Capacity, Ah 20 hour rate 30 

7.2.5 Size, m (In.) L= 197 (7 3/4), W»130 (5 1/8), 

H = 187 (7 3/8) 

7.2.6 Weight, kg (Ibm) 10 (21.8) 

8.0 Controller 

8.1 Type and manufacturer SCR EV-lC General Electric 

8.2 Voltage rating, V 84 - 144 volts 

8.3 Current rating, A 850 Peak, 375 Max Avg Batt, 150-200 Motor on dut y 


cycle 


8.4 

Size, m (In.) L s 36.56 

(14) , W = 20.47 (8.06) , 


H - 17.68 (6.96) - H over hinged control 27.89 (10.98) 

8.5 

Weight, kg (Ibm) 

23.1 (51) 

Propulsion motor 

9.1 Type and manufacturer DC Series 5BT2364 General Electric 

9.2 

Insulation class 

P 

9.3 

Voltage rating, V 

10 8 

9.4 

Current rating , A 

195 

9.5 

9.6 

Horsepower (rated) , kW 
Size, m (In.) OD«0.29 

(hp) 17.9 (24) 

(11.38), L (over shaft)=0.51 (20.00) 

9.7 

Weight, kg (Ibm) 

104.36 (230) 

9.8 

Speed (rated) , rpm 

3000 


10 . 0 Battery charger 


10.1 

Type and manufacturer Lab Model 

- Ferro 

Resonant, GE-CRD 

10.2 

On- or off-board type 

off 


10.3 

Input voltage required, V 

1 - 0 

220V 

10.4 

Peak current demand, A 

27. 5A 


10.5 

Recharge time , h 

6-8 



NOTE: On-Board Accessory Charger 

- .1 - EVA DC-DC Transformer Isolated 

- .2 - On Board 

- .3 - 85 - 125V DC (Main Battery) 

- .4 - 2.5A 

- .5 - 4-6 hours 

- .6 - L = .32 (12.5), W = 0.1 (4), H = 0.08 (3) 

- .7 - 2.7 kg (6) 

- .8 - Yes, Regulated 
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10.6 Size, m (in.) L»0.38 (14), W « 0.28 (11), H-0.28 (11) 

10.7 Weight, )cg (Ibm) 43 (95) 

10.8 Automatic turnoff feature Adjustable Timer ~ 12 hour max. 


11.0 


Body 

11.1 Manufacturer and type Triad Services, Inc. - Hatchback 

11.2 Materials Stainless steel underbody. Steel & Fiberglass body 
11^3 Number of doors and type 2 parallelogram linkage side, 1 gul l 

wing rear hatch 

11.4 Number of windows and type glass windshield, mar resistant 

Lexan®- 2 fixed in side doors, 2 sliding in side doors, 

2 fixed in rear quarters, 1 fixed in rear door 

11 . 5 Number of seats and type 2 front full buckets, 2 removable 

rear-facing jump seats 

11.6 Cargo space volume m^ (ft^) to window level 1.36 (48) 

11.7 Cargo space dimensions, m (ft) L =1.83 (6),W=1.22 (4), H»0.6 1 (2) 


12.0 


Chassis 

12.1 Frame 

12.1.1 Type and manufacturer unibody - Triad Services, Inc. 

12.1.2 Materials Stainless steel backbone, fiberglass panels 

12.1.3 Modifications New 

12.2 Springs and shocks 

12.2.1 Type and manufacturer Spring - new coils, shocks - 

Monroe take-aparts 

12.2.2 Modifications New 

12.3 Axles 


12.4 


12.3.1 Manufacturer Audi and Subaru 

12.3.2 Front Audi Fox front wheel drive 

12.3.3 Rear Subaru hubs, no axle 

Transmission 

12.4.1 Type and manufacturer New - Morse HyVo Chain Drive, 
Chrysler parking pawl, BW differential 
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.* 1 


12.5 


12.6 


12.7 


12.4.2 

12.4.3 
Steering 

12.5.1 

12.5.2 

12.5.3 
Brakes 
12 . 6.1 
12 . 6.2 

12.6.3 

12.6.4 
Tires 

12.7.1 

12.7.2 

12.7.3 


12.7.4 

12.7.5 


12.7.6 


Gear ratios Chain 1.36 to 1.0, Differential 4.135 to 1 
Driveline ratio Overall 5.620 to 1 

Type and manufacturer New - Triad Services. Inc. 

Turning ratio 18.5 to 1 

Turning diameter, m (ft) 9.75 (32) 

Front Inboard Chevelle with copper drums 

Rear Subaru drums 

Parking Vega coupled to front Chevelle 

Regenerative None 

Manufacturer and type Michelin radial 

Size B78 - 13 

Pressure, kPa (psl) : 

Front 165.5 - 179.3 (24 - 26) 

Rear 165.5 - 179.3 (24 - 26) 

Rolling radius, m (in.) 0.30 (11.8) 

Wheel weight, kg (Ibm) : 

Without drum Front brakes inboard - wheel 6.81 (15 ) 

With drum - wheel & tire 14.07 (31) 

Wheel track, m (in.): 

Front 1.38 (54.5) 

Rear 1.47 (58.0) 


13.0 Performance 

13.1 Manufacturer-specified maxim'om speed (wide-open throttle), 

km/h (mph) 96.5 (60) 

13.2 Manufacturer- recommended maximum cruise speed (wide-open 

throttle), km/h (mph) 88.5 (55) 

13.3 Tested at cruise speed, km/h (mph) 96.5 (60) 
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S«ction 4 Attachment C 
ELECTRIC VEHICLE AC DRIVE STUDY 

In late 1977 General Electric Corporate Research and Develop- 
ment undertook a study of promising ac traction motor drives both 
medium-term and long-range. The study recommended an ac induction 
motor with transistor voltage inverter for development in the medium- 
term and a permanent magnet synchronous disk motor with thyristor 
load-commutated inverter for long-range development. The medium- 
term ac induction motor is being developed on NASA Contract Num- 
ber DEN3-59. The ac PM synchronous motor is being developed on 
a General Electric-funded program. 

WORK STATEMENT FOR ELECTRIC VEHICLE AC DRIVE STUDY 
OBJECTIVE 

This study will identify the most promising ac traction motor 
electric drive system concepts for an electric automobile for medium 
term development starting in 1978. Exploratory longer-term concepts 
will be identified and the more promising examined. 

APPROACH 

At least three different vehicle duty cycles will be used to 
identify the range of applicability of the various drive concepts. 

The three principal duty cycles are: 

• The SAEXJ227D duty cycle (as the standard) (Figure ^-1) 

• The SAEXJ227A duty cycle which has additional stop- 
start duty typical of delivery vehicles 

• A steady speed, few stop- type duty for commuter car 

applications 
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Figure C-1. Energy for 3221 , a Schedule D Driving Cycle 

It is expected that some of the drive concepts can be optimum 
for one type of duty, such as steady speed running, while others 
will be better for other duty cycles such as stop-start running. 
The GE/ERDA 3000-pound electric automobile will be used as the 
basic vehicle for which each drive will be designed. All drives 
will meet the ERDA performance goals. 

CONSTRAINTS 

Tie drives will consist of the energy source, a power conver- 
ter, an ac electric tracticn motor(s), and a mechanical drive cou- 
pling the motor to the wheels. 

Three electrical energy source systems will be considered: 
a lead-acid battery, a flywheel, and a hybrid flywheel-battery 
system. 
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The aotor types to be considered will include; 

• Synchronous motor 

- Wound rotor 

- Inductor 

- Permanent magnet 

• Inductor motor 

Both the conventional and disc forms will be examined. 

Power converters to be examined will include; 

• Voltage converter 

• Current converter 

• Transistors 

• Thyristors 

The mechanical drives to be considered will include; 

• Fixed-gear reduction 

• Infinitely variable transmission 

• Direct drive (wheel motOi.s) 

The performance of the candidate drive systems will be evaluated 
using a simplified vehicle performance program to determine; 

• Drive efficiency 

• Drive weight 

• Range 

• Vehicle performance 

An estimate of the weight and cost of the candidate systems 
will be provided on a comparison rather than absolute basis. A 
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subjective assessment of other drive system characteristics, such 
as operational complexity, reliability, f abr icability , etc. will 
be made. 


TASKS 


Task 1 
Task 2 

Task 3 


Task 4 


Task 5 


Task 6 


Task 7 


Gather existing information and build background. 
Establish the electric vehicle performance baseline 
and specify the three duty cycles. 

Design in some detail an ac induction motor for the 
drive and evaluate the motor weight change reguired 
as a funjtion of the duty cycle and type of mechani- 
cal transmission used. 

Select and examine other types of traction motors 
including advanced concepts based on the detailed 
design of Task 3. Estimate the costs, weights and 
efficiencies. 

De.-.ign power conversion apparatus for each type oi 
motor in enough detail to estimate size, weight, 
costs, performance, and efficiency. 

Assemble the results of the drive evaluation into 
a matrix of drive system candiates and derive a sys- 
tem "cost" evaluation equation to rank the result- 
ing systems. 

Prepare a report. 
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II. AC DRIVE STUDY METHODOLOGY 

The initial screening considered the followimi; 

1. Motor variations 

• Synchronous 

- PM disc 

- PM conventional 

- Wound field on rotor 

- Inductor (field on stator) 

• Induction 

- Cast rotor 

• DC separately excited motor (reference design) 

2. Power converter variations 

• Invet ter suitable for each motor 

- Thyristor 

.. McMurray voltage 

.. Auto - sequential current 

.. Third liarmonic load commutated 

• Transistor 

. . Vol tage 
.. Current 

• DC transistor regenerative chopper with bypass and 
field control (reference design) 

3. Gearing 

• Fixed gearing 

- Limit in speed to 15,000 t pm 
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. . Mist bearings 
. . Double gear reduction 
• Gear changing 

- Fixed gear changes 

.. Three or four-to-one speed ratio for motor 

Preliminary designs of motors and controls were made to de- 
termine cost, weight, efficiency, and vehicle range for each. 

Quite early in the study gear chanv, versus fixed-gearing was de- 
termined a stand-off when one considered the weight, cost, and gear 
efficiency of the transmission, as well as the more complex con- 
trol. This is aggravated by the fact that the motor and control 
would be sized by the maximum power requirements which occur when 
passing at high speeds and when maintaining high speed on a grade. 
These factors negated the possibility of reducing propulsion equip- 
ment, weight, and cost for accelerations at low speeds through gear 
changing. 

The inductor motor was rejected early in the study because 
of weight, cost, inertia, and low efficiency. It is ideally suited 
for operating with an energy storage flywheel but is not viable 
as a propulsion motor. 

RESULTS OF THE STUDY 

The results of the study are summarized in Tables C-1 through 
C-4 and in Figures C-2 through C-5. 
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Table C-1 

RELATIVE MOTOR AND EXCITER COSTS 

Excitor Cost ($) 


Motor and 
Control typ^ 


Field 

Chop- 

Cost ($) Inverter per 


Total 
Cost ($) 


Separately Excited 872 
with dc Chopper 

McMurray 200 

ac Indiu'tion Motor 


tor M()t(M 

rransisitM- Vol tacv' 
ac Indut'tion Motm 
(^>000 rpm) 


and Exciter 
Relative 
Costs 


McMurray 
ac Wound 

Synchronous Motor 

242 

2^)47 

100 

2889 

1.75 

1 .oad -Commu t vi t ed 
Inverter's & ac 
Wound Syncli i onous 
Motor 

242 


100 

1779,5 

o 

00 

* 

hoad-Commu t a ted 
Inverter PM Syn- 
chronous Motor 
1 nc 1 udi nq Field 
Kxc iter 

200 

r> 17.5 

100 

1737.5 

1.05* 

Controlled Current 
ac Induction Motor 

200 

4897 

100 

5097 

3.09 

Transistor Vol taqe 
ac Induction Moto! 

200 

1425 

100 

16 25 

0.99* 

Transisto! Vol taqe 
ac Wound Synchro- 
nous Moti'u 

242 

1425 

100 

1767 

1,07* 

I.oavl-Conumi t ated 
Inveitei ImfUi^ved 
PM Synch i i>mnis 
Impiv'ved Ctipacity 

100 

1 5 17 . 5 

100 

16 r; .5 

0.99* 

Tr an.^' i v>t Vol t aqe 
PM Synclu onous 
Moto! with Ih'al 
di’ Motoi Pi ict' 

200 

28 SO 

100 

1050 

1.85 

l.oad-Conumit at ed 
Inver tei ac Indue 


P' 12,5 

100 

2 1 tn . 5 

1 ,28 


^Lowest ('OF^t O' tions 
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Table C-2 

EFFECT OF MOTOR TYPE AND CONTROL ON RANGE CHANGE 




Wo itjh 



i:t t loioni'y 

Range 
(Mr Ics) _ 

K.mqe 
Pha nqo 
{t) 

Motvn »Tiu1 

Motoi 

PPli 

Tot al 

Motor 

pen 

Corohincul 

L\>ntn'l Typo _ 


. 

— — 

■* 



2lfl 

4^1 

2h7 

0.84 

0.87 

0.81 

60.0 

0 

nToi'p* ! 







McMiii i ay \ 
ac IndiuM ion Motor 

100 

140 

240 

0.«1 IS 

0.80 

0.fU2 

62.8 

♦ 4.67 

il'SOO tpm) 

1 2 1 

140 

281 


0.80 

0.8,17 

62.1 

♦ l.S 

MoMni ray 

ao-wouiul i;ynob t iMunir. motoi 









l,oad-L*oimiuit atotl invi'i toi 
ao-woun^l i.ynolu i>nou5". Motoi 

121 

ISO 

27 1 

0.9^ 

0.82S 

0.86 

6 1.6 

♦ 6.0 

l,oad-L\Mimuit atoti Invot toi 
PM Synoh t onoiis Motoi Inolndinq 

100 

ISO 

2S0 


0.82S 

0.8f>S 

64.4 

♦ 7. 1.1* 

Pu'ld Kxoitoi 









Pont roll Oil PuMtMU 
ao Imim-t ion Motor 
(IS, 000 ipml 

100 

42 1 

S>^ 

0.93S 

0.80S 

0.846 

S8.6 

-2.11 

Transistoi Vol t atjo 1 
ao 1 ml not ion Motor 
(IS, 000 ipni) 

100 

87 

187 

0.<)1S 

0.84S 

0.884 

66.8 

♦ 1 1 .SO* 

rianiAi:;tvM Voltaac 

ao-wou!ul tiynoluonous lnv*Mtrt 

l.M 

87 

208 

0.81 

0.84S 

0.878 

66.2 

♦10.11* 

l.oad-Pomnuitat i 1 
Improved I'M .^ynohuMnnU’ 
Motoi 

Impiovoil r’apaoity 

SO 

100 

ISO 

0.86 

0.8 2S 

0.888 

67.8 

♦ 11.2 

Ti ansi j tot voltaqo 
PM Synotn I'tH'iu* Mi'tv'i with 
Koal dv Mot oi Pi lot' 

100 

174 

2 ’4 

0.81 

. . 8 1 8 

0.8S8 

6 1.4 

♦ *’ . 7 

l.oail-PomiiMt atotl 
ao Imhiotv't Motor 

2 1 1 

ISO 

<8 1 

0 . 80 

0 . 8.'S 

0.811 

6 . 1 

♦ l.S 

Ti .ins 1 :‘>t oi Vol t aao 

1 10 

87 

2 2S 

0 , 8 2 ‘ 

. 0.84S 

0.8*^4 

6 S . 8 

♦8.71* 


.U* 1 mlUi- t I vMT Mv't oi 

tMlOO I pivi 


t i anoi' t»pt u»H‘ 
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Table C-3 
MOTOR DATA 


Motor Typ>' 

dc Commutator 

ac Induction 

Hiqb-Speed Motor 
(ir>,000 rpm) + G-'ar 

ac Rotating Field Synchronous 
Motor 

ac PM Motor 

ac Inductor* Motor 

ac Induction* Low-Speed Motor 
(5000 rpm' 


Weight 

lb 

Average 

Efficiency 

Cost 

($) 

218 

0.84 

872 

100 

0.935 

200 

121 

0.93 

250 

100 

< 0.935 

200 

233 

0.90 

466 

138 

0.925 

276 


*HHTnduHtor and ac Induction (5000 rpm) added later on same basis 

Table C-4 

POWF.R CONVERTER DATA 


Power Converter !'ype 

Weight 

(lb) 

Average 
Ef f iciency 
(%) 

Cost 

($) 

dc Chovoer witli Pvpass 

49 

97.0 

77 5 

ac Trar.sistor Inverter 
tor Induction Motor 

87 

94.5 

14 25 

ac SCR McMurray Inverlei 

140 

90.0 

2.547 

ac SCK I.oad-Comnuit a'.od 
In .'•'t ter 

150 

(125, measur'd' 

92.5 
(9 1.0) 

15 IB 

ac SCK Cu r : en t I n ;c ; 1 t 
(ASv'l) 

423 

90.5 

4897 

ac Tiar.sustor Inveitet 
fo! PM Mi'tot 

174 

91.8 

2850 
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Figure C-2. Influence of Motor and 

Control on System Weight 
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Figure C-3. Influence of Motor and 
Controller on System 
Efficiency 
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Figure C-4. Influence of Motor and 

Controller on ac - System 
Range Improvement over 
dc System 



Figure C-5. Relative Cost of Motor 
and Control Options 


'aiA 
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III. RECOMMENDATIONS 
NEAR-TERM 

For the near-term the induction motor with a transistor in- 
verter is recom tended. The induction motor features include light- 
weight, high-efficiency, rugged construction, and low cost. The 
transistor inverter features lightweight, high-efficiency power 
modules. 

Developments recommended include: 

• High-power transistors 

• Simple base drive 

• PWM generator 

• Control strategy to minimize currents 

FAR-TERM 

For the far-term an innovative PM synchronous motor with a 
load-commutated SCR inverter is recommended. The PM synchronous 
motor would feature low magnetic loss. A feature of the load-com- 
mutated SCR inverter would be its high-voltage capability. 

Developments recommended include: 

• Theory of motor design 

• Mechanical construction designs 

• Smooth-starting capability with load commutation 
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Section 4 Attachment D 

PROPULSION SYSTEM DESIGN TRADE*OFF STUDIES 

In early Nwven4>er 1978, preliminary evaluation of the electric 
propulsion requirements for the hybrid vehicle were established. 

Based on the vccommondations of the General Electric ac drives 
study, an ac induction motor with transistor voltage inverter was 
selected as the preferred ac drive. The separately excited motor 
with transistor regenerative armature chopper with field control or 
the separately excited dc motor with a shifting transmission and 
field control were selected as the preferred dc drives. These three 
systems were to be compared in the detailed trade-off studies. 

For purposes of the study, an induction motor of a more con- 
ventional speed raneje was chosen for evaluation. This motor, the 
Tri Clad 700 ac severe duty, energy power design (Reference 14), is 
in volume production am' can be modified for electric vehicle duty 
as was the dc motor which is a modified version of the industrial 
truck motors (Reference 12). Should the high-speed ac induction 
motor program be as successful as ai .cipated and should the motor 
be put in high-volume production, then it can be substituted for the 
lower speed system for slightly improved weight. 


4d-1 


OENERAUl^ ELECTRIC 


I. SUMMARY OF DRIVE MOTOR STUDIES 

Information in this subsection was prepared to aid in the sc'- 
lection of a drive motor. The procedures and methodology presented 
are to serve as a guide only toward motor selection. Data pertinent 
to a specific vehicle would have to be used in place of the data used 
to illustrate an example of how the motor calculations are made. The 
material on motors was prepared by W. R. Oney, General Electric Cor- 
porate Research and Development. 

Figure D-1 is the "Maximum Drive Shaft Torque Specification for 
a Nominal Design "Motor" with: 

• Maximum torque = 100 lb- ft 

• Corner point spaced = 2400 rpm 

• Maximum speed = 6000 rpm 

• Constant power = 2400 to 6000 rpm 

Figure D-2 is a general specification for drive shaft (DS) torque 
where the variables are (maximum torque) , N^ (corner point and 

base speed) , (maximum rpm) , and (maximum per rpm and speed 

which is 60 mph) . The corner point may vary +25% in both rpm (1800 to 

3000 rpm) and torque (75 to 125 Ib-ft) . 

Figure D-3 is a map of the "Motor Voltage for a Nominal Design. 
Motor voltage is constant volts/cycle up to the corner point. From 
the corner point to the maximum speed, the motor voltage V varies as 
Vo x , wh'^ro: 
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Figure D-1. Maximum Drive Shaft Torque Specification 
for a Nominal Design Motor 

• Vo is the corner point voltage (0.632 < V < 1.0) 

• S IS the pu speed or pu rpm 

• e is an exponent (0 < e ^0.5) 

At maximum speed, and the motor voltage is the highest 

ac voltage attainable when using a battery. It is designated V 

MAX 

for convenience. It is assumed that power conditioner kVA is propor- 
tional to current and motor torque is proportional to D^L or weight. 
These assiimptions are satisfactory for small pertu.-bations. When given 

"^MAX' ^MAX' lowest subsystem motor-controller cost occurs 

for the condition; 


CiNERAL^ElECTRIC 



Figure D-2. General Specification for D.S. Torque 



where : 

M = motor cost for a corner T)oint voltage V = 0.6 32 
c o 

PC = power conditioner cost for a corner point voltage 
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y = = CONSTANT ( E = 0 ) 


Z 1.0 

D 

tc "Vo" 
Q- 0.632 
K 0.5 


V = Vq X s' 


/l0 20 30 40 50 60 mph 

L_J LL.Z I I I 

13000 6000 rpm ( N ) 

TO 2.5 PER UNIT SPEED ( S ) 

MOTOR VOLTAGE FOR NOMINAL DESIGN 


Figure D-J. Motor Voltage for Nominal Design 


The exponent is; 


In S. 


The limits of in the above equation arc; 


3® • ^ M 
^MAX . "c 1 


PC - 2 

c MAX 


Results outside these limits must bo evaluated on their own merits. 
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The power conditioner kVA is: 

k 


kVA 


PC 


K V I ^ ^ 

^ \ 100 * '2400 


X S 


MAX 


Corner Point = 100 Ib/ft, No = 2400 rpm) ; 


DS Load = ^33000^ ^ 0.746 = 45.7 kW 


K, ( Input to Motor ) = DS Load — — 

1 ^ Ht, X X power factor 


K » 45.7 

1 1.0 X 0.88 X 0.83 


= 62kVA 


t t t 


'M 


power factor 


Motor weight is: 


Motor Wt (lb) = 


K V max 
*^2 * 100 


X S 


1-2 


MAX 


Motor Air Gap Torque = P£iye . Shaft Tqraue 

^ip 


Assume transmission efficiency (ti^) = 0.90 


and 


Air Gap Torque » Motor Shaft Torque 


or K 2 (Inerti. Voh. /Inertia System) = 1.0 


K 2 might be as low as 0.85. This will be modeled later as 
variable . 

When wo assimu' = 0.9, the value of becomes 62. 
value of is taki n from a table and is 138. 


a 


The 
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Total cost and weitiht of motor-controller subsystem: 


Total Cost = kVA 


PC 


Total Weight = kVA 


PC 


“ (eIa) 

X (^) 


+ Motor Weight 
+ Motor Weight 


“ (^) 


A. MOTOR EVALUATION 


If the motor shaft is direct connected to the transmission, 
the motor cost/lb is: 

(4 ■ > (*)•" • (¥?)"■’ 

Weight (lb) = ^138 x ^ ^ 

(4 


Motor 


Motor Cost ($) = Motor Weight (lb) 

If the motor has an internal step down gear like a gearmotor with 
a ratio of r, the motor estimated cost per pound is: 


lb 


= 1 . 8 X 


M 


» 0.5 S . . 

No „ MAX „ -1.5 

1800 ^2.5 ^ ^ 


\/' 

= 1.8 X V- 


No r S 


MAX 


4500 

where No is the rpm of the shaft which connects the gearmotor with 
the transmission. 


Motor woiglit for an aluminum gearmotor 


= l^) ^ C^)] 


X S 


l-2‘- 


MAX 


Again: Motor Cost ($) = Motor Weight (lb) x 


M 
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The lowest cost system will favor the more expensive controller. 
Therefore, the motor will be heavy. Weight may be reduced by 
using a gear motor (or its equivalent). However, motor shaft 
torque-to-inertia diminishes directly with r. Self-accelerating 
torque will be an important consideration for the final design. 

Surface speed of the rotor which is related to rotational 
stresses has been ignored in the mathematics model. 

Motor envelope dimensions are calculated using a volume density 
of 13.5 in.^ per pound and an overall length-to-diameter of 1 . 45 . 

A blower is needed to cool the motor , but blower dimensions and 
mounting are not included in this envelope. Gears for a gearmotor 
have not been sized. 

Efficiency at the corner point will be 87 to 91 %. Efficiency 
over the duty cycle may be calculated from its equivalent circuit. 
Typical data might be used until the final design is started. 

B . SUMMARY STATEMENT 

These equations and their constants will enable the designer 
to focus on a design which should be just short of a final design. 
All equations and their constants should then be re-evaluated using 
new empirical data. This will minimize the uncertainty of the 
results by shortening the sealing range* 
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C. EMPIRICAL DATA 

Reference Motor — T/C 700 Aluminum Motor; Open 4-Pole 

• Horse power = 20 

• rpm = 1755 

• *^MAX ~ 2.0 pu = 2 X 59.9 lb/ ft 

• Efficiency = 86 to 88% 

• Power factor = 80 to 83% 

• Weight = 149 lb 

• Inertia = 1.91 Ib/ft 

Reference Motor — — High— Efficiency Design, Open 4 Pole 


• Horse power = 20 

• rpm = 1760 @ 60 Hz 

• "^MAX “2.0pu=2x59.7 

• Efficiency = 0.92 

• Power factor = 0.87 

• Weight = 204 lb 

• Inertia = 1.91 x 6/4.375 = 2.62 Ib/ft 


Reference Motor — NASA Induction Motor; No gears 

• Continuous horsepower = 22 0 42V per phase 

• rpm - f>370 @ 180 Hz 

• Torque (Jl=900)* = 65.2 Ib/ft t’ 45 V/pH 

• Efficiency = 94.6 0 22 hp 

• Power t actor = 69.4 0 22 hp 

• Weight = 90 lb 

2 

• Inertia = 0.55 Ib/ft 

Note: Calculated performance characteristics are speculative. 


*Tho Maximum Torqvu 
45 V pH and 1040 A 
because eurrent vs 
low. 


of Moto! vs 122 Ib/U at a .slip oi 4.5% with 
This is not a cost-effective operatvng povnt 
disproport ionally higti or torque-per-ainp.,‘t e vs 
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($/lb) f^jQtor 


* A X 




° ®MAX ^ 




Motor Weight alone (lb) = 


B\ 

Pmax „ 

~ 1 X 

< 

o 

o 


K2 

A 

B 



1.8 

138 

1.9 

182 

2.0 

138 


1 - 2 ^ 


MAX 


r 

Aluminvun motor 1*8 -'-■so 1 

High efficiency 1*9 182 1 

NASA induction motor 2.0 138 r 

Note: Each succeeding motor type requires more development. 

D. BACKGROUND FOR K2 

Torque per ampere degrades approaching So. Operate 

to only 90% of 

Reference motor has a useful - 0.90 x 2 x 59.9 Ib/ft. 

DS Load is specified as - 100 Ib/ft. Motor Shaft Load - 100/n, 

Assume Torque ^ D L VJeight 

The weight of a motor that will produce a useful 100 Ib/ft is: 

100/n^ 

Weight = 149 x j^qT.'F = 138 lb 

t 

n,p = 1-0 


E . METHODOLOGY 

The following material and calculations are presented to show 
methodology only and also to serve as a sample calculation. 

Sample calculation for nominal design 

Tmax ' 1““' "o “ W 
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Corner Point Calculations for Optimum Power Conditioner 

(VO = 

From F.G.T. 1/20/79, p. 14A: 

If $M = $37.50 

62 kVA power conditioner will 

weigh 1.4 Ibs/kVA 

cost $ll/kVA or — = PC 


Corner Point Calculations for Optimum Motor; 

(Vo = 0.632 £ = 0.5 ) 

Motor Weight (lb) = 

= 138 lb 



Motor $/lb = 


Motor Cost (M^) = 



$2. 0785/lb 
138 X 2.0785 



$286.83 

“ Vo = 0.632 Vg^^ 


) 

i 


\ 

i 

j 
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p. LOWEST COST SUBSYSTEM 


^ . ^'BAT 

Lowest Cost - yg - 


2.^^ * 0.4706 




= 1.28116 or = 0.7805 


In s' 


» 0.2704 


PC-kVA 


r. /ioo ^ 240 oV ] 

- |62 X ^j^QQ X 2400jJ 


X 2.5 


0.2704 


= 79.43 


Motor Weight (lb) = |l38 x 


X 2.5 


1-2 X .2704 


= 210.19 lb 


Total Cost = PC-kVA X 


i—] 

\kVh} 


+ Motor Weight x 


= 79.43 X 11 + 210.19 x 2.0785 = $1311 


subsystem Weiaht - PC-kVA (^) + Motor Weight 


= 79.43 X 1.4 + 210.19 = 321 lb 
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1 


G. HIGH MODULE COST 
If $M = $150 

PC^, = 11.25 X ($M) + 250 = $1937 

$5AVA = ^ = $31.25 
62 


_ 286.8_3-_ 0.14808 J i x S 




19 37 


MAX 


Therefore: Let = '^BAT ^ ® ® 


and PC - kVA = 62 


also Motor Weight (lb) 138 x -^ 

100 


X 2.5 


1-2x0 


= 345 


Subsystem Cost = $1937 + Motor Weight x $/lb 

= 1937 + 345 X 2.0785 * $2654 

Subsystem Weight = 62 x 1.4 + 345 = 431.8 lb 


Note: K 


a 


1 - .0214 X 


345 

138 


5/3 


= 0.90 


Again, for $M = 150; assume a gear motor with r = 2.5 and 
assume motor power factor and efficiency unchanged (but actually 
that would not be the case ) . 


Then, 

Motor Weight 


liL « Mi = 142 lb 
r 2.5 


($/lb)Motor ^ 


No 

1800 


0.5 


S 0 • 5 
^MAX 


1.5 


X r 


2.5 


= 1 


.8 , X 

\1800/ \2.5/ 


0.5 1.5 

X 2.5 
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» $8. 216/lb 


Mobor Cost ® 142 X $8,216 ~ $1166 

Subsystem Cost -■ $19 37 + 1166 ® $3103 

Subsystem Weight = 86 + 142**228 1b 

Note: K = 1 - .0214 x — ^ x 2.5^'^^ = 0.86 

" 138 


The Inertia Ratio for 138-lb motor is 0.0214, 


. Wt Motor 

K a 1 - 0.0214 X X r 

138 


a 1 - 0.0214 X 




1-2" 5/3 

MAX 


X r 


1/3 


138 


K a 1 - 0.0214 X X S 

a 100 


1 - 2 " 5/3 


MAX 


X r 


1/3 


Rather than use the gearmotor try a less optimum V^Ag^^q,- 


For PC a 1.4 

Ib/kVA; 

$M a 150; $/kVA 

a 31.25. 

Motor cost is 


$2. 0785/lb. 

One can 

then construct 

the following table. 





Cos t 

Wciqht 

K 

^'0 ^I»AT 

iH'-kVA 


Sub«yj»tom ($) 

Subsystem _( 1^, 

i 

1.0 0 

1: . 0 

US 

7.()S4 

4il 

0.90 

n.o o.ii'.o 


2 . 4 

2 7 

37‘> 

“ “ 

0.8 0.J4)'i 

77. ‘‘i 


2880 

329 

“ “ 

0.7 0. 18" 1 

HH.f. 

U)‘>. 1 

U20 

29 3 

“ “ 

0.0 n’ O.MH’ 

<> . 0 

1 U^.O 

^ U>0 

2 7S 

0.98 

No iW'ar not ot : $ ^ ^^>0 

: 

C« U18 




(UMrmotor : 5?U0 .^ 

: 0.H(> 

$ M.08 
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III. AC MOTOR DATA 


Specific data defininq tho characteristics of an ac induction 
motor was needed as identified by the internal memorandum which 
follows. This data was furnished for use on the program in the 
form of a General Electric Company proprietary . computer program 
devised by the Small AC Motor Department. The data is given in 
General Electric Company Brochure GEP-1087D, AC Motor Buyers' 
Guide, and in Table D-1. 


Table D-1 
AC MOTOR DATA 


Continuous Duty Rating, hp 
Base Speed (60 Hz), rpm 
Voltage per phase (LN) , V 
Line Current, A 
Power Factor 
Slip 

Stator Resistance (per phase at 95 °C) , 
ohms 

Rotor Resistance (per Phase Referred 
to Stator) , ohms 

Stator reactance , ohms 

Rotor Reactance per Phase Referred 
to Stator) , ohms 

Magnetizing Reactance (per phase referred 
to stator) , ohms 

Magnetizing Branch Resistance (in Scries 
with Reactance) , ohms 


20.00 

1800.00 

266.00 

23.32 

0.87 

0.0297 

0.3322 

0.2466 

1.159 

1.184 

42.45 
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CORPORATE RESEARCH AND DEVELOPMENT 


p. O. BOX 43 
SCHENECTAOV. N. V. 13301 

DIAL COMM 8*33S' 


TO: 

FROM: 

DATE: 

SUBJECT: 


MEMO FOR THE RECORD 
C . B , Somuah 
March 14, 1979 

TEST DATA ON AC INDUCTION MOTOR 


AS part of the Hybrid Vehicle Simulation studies, char- 
acteristics of ac induction motors in the horsepower range of 
18-25 are required. The following list gives the specifica- 
tions for the motor and also the type of test data 
The data is required for the computation of the winding resis- 
tances, leaMaoe reactances, and the motor friction, windage and 
core losses. Alternatively, if these parameters ®re already 
available from test data or computer calculations, then they 
can be supplied instead of the test data. 

MOTOR SPECIFICATIONS (3 Phase) 

Continuous Duty * 18-25 hp at 1800 rpm 


Peak Pov;er 
(20 sec.) 

Voltage Rating 
(L-L) 


= 2 X continuous duty 

= 80 - 250 volts rms 


REQUIRED TEST DATA 

(1) No Load (Light Running) Test 

• Power versus voltage 

• Current versus voltage 

• Power factor versus voltage 

• Slip versus voltage 

( 2 ) Short Circuit (Locked Rotor) Tost 

• Power versus current 

• Power factor versus current 

• Voltage versus current 


/dll 

cc: 



c.n.s. 
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I I . S UMMA RY OF AC POWER CO N DITIOMRR STUDY 

The ac power conditioner s?:udy resulted in the development of 
parametric equations, related to a apocMic duty cycle, for; 

• Weight 

• Volume 

• Efficiency 

• Losses 

• Cost 

• Component requirements 

In addition, the effect of battery voltage level was examined and 
a comparison was made with other power conditioning systems. 

2 

1 -r _ (peak motor kVA) (power factor of motor) (10 ) . 

(0 .95) (battery voltage) 

2. Maximum fundamental frequency 

(max i mum motor speed) (number of motor poles ) 

120 


3. Maximum chopping frequency 

= (9) (f) /speed ratio at constant power Hz 
9 = chopping frequency ratio 


4. rms kVA o\er duty cycle 
(proportional to amperes) 


5. Weight - 1’8 


/ ^ac \ / 1 
\ 483y y 


rms kV A ove r duty cycle j 
42.2 3 


GENERAL (Q^flECTRIC 


8 , 



(constant 
torque region) 


+ 50 


i [fcho£j 

I 483 M 720 j 

/ ^dc\ ^ / ^chop\ 
\483 / \ 720 / 


9. Efficiency = 100 


504 


"BATT * ^dc “ ^losses 


W 


^BATT * ^dc 


10. Power concitioner cost = 11.25 ($M)+$250, $M = power tran- 

O ^ O ^ ^ V- 11 To OOS ^ 


11. POW 61 T conditioner cost/kVA pedk = tll»25 ($M)+250]/62 

if $M = 37.50, then = H $/kVA peak 

12. PCU weight /kVA = 1.4 Ib/kVA peak 

13. PCU Volume /kVA peak = 0.00 3 ft^/kVA pea!; 


14. Battery voltage level. In order to reduce weight, volume, 
and cost and in **ease efficiency, one may increase battery 
voltage to the limits imposed by power transistor switch- 


ing voltago 

^BATT 

EfiATT 


ratings. 

130 for regenerative systems 
216 for nonregt'nerat i ve systems 
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Maseti on (SUS) rating ot 450 V. 

15. Cpjtipjiriaqn jvith other _ac sy s to mH . For the present study 
the National Aeronautics and Space Agency ac Controller 
and Rohr 312 are equivalent except the weight of the 
Rohr 312 nvay not include dc capiicitors or a dc contactor 

A. DI’SICN FQUATIONS FOR AC POWFR CONDITIONING STUDY 


Rased on engineering calculations, the rating of the power 
conditioner is 62 kVA at the corner point. 

For a six-step waveform, the lino-to-neutral ac voltage is 
equal to 0.4 5 (1’ Battery) 


i' 


l.-N 


1 


rms 


- 0.45(108) 

(i_2,0qc_ 

K48.M 


48.6 V 
425 A rms 


iU' Power - kV/'' • powet factor 

^ 62,000 (0.8) = 40,600 W 


lie Current 
(av't'r.ige) 


ac powt'r 


40,600 


( !•; f t i>cu ) ( ) ( 0 . 0 5 ) ( 1 0 8 ) 


483 A 


assumed 


i Pe.jk Tran:-, i slot • I , 1*2 t (haniuniic component)! 

” 425 (,2 + (1 .76xl0‘*‘^) (I . 37x10“^) (2.26) I 
- 425 (i2 ♦ 0.545) 425 (1.050) 

+ 8 1 2 A 
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The circuit tliaqram is qlven in Flqurc D-4 



Power Conditioner Losses at Maximun^Fre^uenc^ 
Assume battery cable inductance (L) 2 


1. Commutation loss (no reeoveiy) 
P 


1 2 
! M f 


,v(2) (ia‘^) (48.1)^ (200) 


p - 4(>.0 W/phase - 140 W total 

in square wavt' at maximum trequency 


2. Transistoi and teedback diode c<u relation loss 


THAN: \ on t ime f 


V. 


(>N 


Pi ode 


(’Avd C''"!'’ 

\ f \on 1 lino / 


- (^r)(^;) ' n') (5) 


p - 122 W device 


I. . ( X 122 .'' l‘l 12 W 

' Tt^l’Al. 


4IV20 


6ENEIIAI ^ELECTRIC 


3. Transistor switch! nq loss 

t- 


P = T 

^AVK‘"dc 


fall 

■period 


P = — (108) ^ ^ 


-6 


2500 X 10“^ 


at 200 Hz, t 


period 


equals 2500 ps 


P = 3.5 W 


4. Total losfes 

Transistoi & diode loss = 140 + 1932 + 3.5 = 2076 W 
(square wave at 200 Hz) 


Power Co nditioner I osses at Maximum Chopping Frequency 


In the PWM moc e maxinmm frequency of chopping is 


200 — X 9 = 720 Hz 

2.5 

spei d ratio 


1. Commatati( n loss 

P = 3 (1.) (T^) (f) 

p 

= (3) (2) (10"^) (483)^(720) 

2 

= 504 W 

2. Conduct iol loss = same = 1932 W 

3. Switch in<| loss 

P = — ^ (108) ^-3. at 720 Hz, period is 

3 (>94 X 10“* equal to 694 ps 

P ■= 50.1 K 
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4. Total losses in transistor = 504 + 1932 + 50 = 2486 W 
& diode (at 9 x f below corner point) 


Additional Losses in AC Power Conditioner 


1. Base drive loss = 


X V 


100 


483 

100 


BE 


X 4 = 20 W 


gain of Darlington 


2. Control power = 100 W (assumed) 

2 

3. Capacitor loss = I R 

2 

I harmonic = (425(0.545)) 

P = (425)^ (0.545)^ (0.001) = 54 W 


Total System Efficiency 


PCU efficiency 


2249 


/ ' 
(108) (483) - 2075 - 20 - 100 - 54 


(108) (483) 


(square wave at 100 Hz) 

= 95.7?. 


2660 

- - 


2. PCU efficiency 


(108) (48 3 ) - 2486 - 20 - 100 - 54 
(108) (483) 


(at 9f at 80 Hz fundamental) 

= 94.9? 

The electrical dosi jn is for the peak instantaneous voltage, cur- 
rent, etc., corros^endi ng to the 2.0 per unit torque requirement. 
The continuous rating of the system is one-half of the peak rating 
Therefore, the continuous rating is 3/kVA. 
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The 2.0 torque from the duty cycle corresponds to 62 kVA, the 
0.4 torque corresponds to 24.8 kVA. The rms kVA which is propor- 
tional to torque is as follows : 

(62)^20) . (.,.8)^( 20I 
50 


= 42.23 kVA 

The ratio of peak i.o rms kVA is 62/42.23 = 1.47 for the specified 
duty cycles. 


In order to calculate the parametric equation relating weight 
to power conditioner electrical specifications, two factors are 
paramount. First, for those items that have no thermal storage 
capability, for example, power transistors and diodes, the weight 
will be proportional to the peak battery current. If the peak 
current is increased, additional components will be required lead- 
ing to a direct increase in weight. Second, for these items Uhat 
do have thermal storage capability (compared to the 20s 62 kVA 
speci<^ication) , e.g., heat sinks, the weight will be proportional 
to the rms kVA over the duty cycle. For these components if the 
rms current is increased over the duty cycle, there will be a 
direct increase in the system weight. Therefore, the weight equa- 
tion will be composed of three items; first, a constant of propor- 
tionality; second, a term proportional to peak dc current; and 
third, a term proportional to rms kVA over the duty cycle. 


Weight = 


dc 


483 


rm s kV A over d uty cycle 
42.23 
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In order to determine K, one needs to calculate the weight of the 
31-kVA, 108-V design. 


Component and Heat-»Sink Weight 


1. A representative heat sink for power transistors would 
be a Wakefield 132-4.5. It has a thermal resistance 
of 0.15 per watt and a one-minute thermal time con- 
stant. Its weight (with a clamp) is 1800 g. 


2. Solid-state device 
of current rating 

3. Snubber 

4. Driver electronics 
Total electronics 2400 g 

5. dc Contactor 


= 200 g independent 
of current rating 


= 200 g 


= 200 g 
5 lb 
3.75 lb 


6. Control circuits and microprocessor 5 lb 


dc Capacitors 


% 20 lb 


Total Weight of AC Propulsion System 


Unit 

Weight 

(lb) 


Total 

Weight 

(lb) 


6 Transistor/I 'iode Modules 
1 Control Cir< uit 


1 dc Contactoi 


1 Capacitor 
Subtotal. 


. • u.. assuming it is 

Package Woiuht 


Total Wcitihl 


5.00 


5.00 


3.75 


20.00 


30.00 


3.75 


20.00 


58.75 


29.38 


88 lb 
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Weight Equation 

Idc rms kVA over duty cycle Based on this 

Weight = 88 ^ 4 ^.^ 

equation, several conclusions can be reached*. 

1. Effect of battery voltage - If battery voltage increases, 
dc current decreases and weight is decreased. 

2. Effect of e exponent in voltage corner point equation - 
As € increases, from zero to 0.5 the corner point cur- 
rent increases, thereby increasing the weight directly, 
as shown in Figure D-5. 



Figure D-5. Effect of c Exponent in ''oltage Corner 
Point Equation 

Power Conditioner Size 

Size is again proportional to the weight, and the same factors 

that influence weight influence size. Assume that size if related 

3 

to continuous kVA. The present dc power conditioner is 1.60 ft 

and weighs 95 lb. It has a one-minute rating of 48.6 kW and a 

continuous rating of 24.3 kV. 

^oc rms kVA over du< y cycle 
Volume = K 2 42.2 3 
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The calculation of the K 2 coefficient proceeds as follows. 

' .3 

for the dc controller, ~ 

for the ac controller, ft^ = 0.0658. (31) = 2.04 

T 

dc /rms kVA over duty cycle\cx.3 

volume = 2 ( wrrr^ 

Dimensions are flexible, and a rectangular or cubic package is per- 
missible. The thermal path for forced air will influence the shape. 


Power Conditioner Losses 


2 f 

Use the equation in the form of P = + K 2 I + K^I + ^4 ^f~^ 

+ K.(~) ( 1 )^. 

5 fjj 

= loss that is not a function of current, i.e., 
control power, pins, base drive power etc. 

K 2 = loss that is proportional to current, i.e., 
transistor with voltage drop independent of 
current . 

2 

= resistive loss, proportional to I . 

= loss due to operation at higher frequency than 
base frequency (f^ of 200 Hz) to account for 
transistor switching loss increment. 

= loss due to ofieration at a higher frequency 
than base frequency to account for additional 
resistive losses. 

In tlu' constant |.)Ower inocie of op<'ration; 


P 


bos SO!'. 


4 


100 . 

(4O)(200 ) * 



f 

200 


4 n- 2 b 


iaaammM 
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In the constant torque mode of operations 

'“tosses ■ 451 


I f/chop ^ _I 
^ 50 ^ -75^ + 504 


' f/chop 
481 "7ir~ 


with f chop = speed ^ ratio* 
Power Conditioner Efficiency 


^^dc^ ^^dc^ ” ^Losses 

Efficiency = 100 j “ 

dc dc 


(108) (483) - 2249 _ -» 

= (100) /infl) (2 r11 ^^* ' 


(108) (4831 

The part- load efficiency is calculated and plotted as follows 
(Figure D-6) 



Figure D-6. Calculated Efficiency Versus per Unit dc Current 
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Cost of Power Conditioner 
Major Component 

Number in 
Circuit 

($) 

Cost (ea) 

($) 

Total Cost 

1. 

Transistor & Diode 
Module 

6 

$M* 

6 ($M)* 

2. 

dc Capacitor 

1 

20 

20 

3. 

dc Contactor 

1 

10 

10 

4. 

Control Circuits 

1 

100 

100 


*Module cost ($M) will be a parameter in the cost equation. 

The total cost of major components = 6($M) + 130 dollars. 

Assuming that minor electrical parts add 25% to the total cost 
of major electrical parts, the total cost of all components = 

125 (6 ($M) + 130]. 

Assuming that packaging and assembly add 50% to the total cost 
of major and minor electrical parts, the total cost of equipment = 
1.5 fl.25 (6 ($M) + 130)]. Collecting terms,, results in: 

Total cost of power conditioner =* 11.25 ($M) + $250 
The coc t of a power module ($M) has been treated as a variable, 
the total cost as a function of the module cost is given in Fig- 
ure D-7 . 

Cost/kVA Peak 

Cost of Power Conditioner _ (11.25) ($M) + 250 

Wa “ ?/kVA 


if $M = $37.50, then $AVA = 11 
if $M = $50., then $AVA = 13 
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Figure D-7. 


Total Cost as a Function of Module Cost 
If $M = 37.50, then Total Cost = $675 
Tff «5 m = so. 00. then Total Cost - 9oZ5 


WQiaht/kVA Peak 

Welght/HVR = 88/62 = 1.4 Ib/kVA peak constant over 251 range 
of variables. 

Weiqht/kVA Continuous 

Welght/kVA continuous - 88/31 2.8 Ib/kVA continuous. 
Voluroe/kVA Peak 

Vol/kVA peak = 2.04/62 = 0.03 ftVkVA peak 
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B. EFFECT OF BATTERY VOLTAGE LEVEL 


1. Factors That Would Favor an Increase in Battery Voltage 


1. The conduction voltage of power transistors 

is independent of current and equal to 1.5-1. 8 v for 
Darlington transistors, results in higher efficiency. 


2. Less current means a smaller area of silicon for 

power transistors and diodes resulting in lower cost. 


3. Less current means less transistor switching loss, 
resulting in higher efficiency. 

2 

4. Less current means less resistive loss (I R) in 
capacitors, cables, etc. which results in higher 
efficiency. 

5. Less current permits smaller size of series reactive 
elements (if required) , which results in smaller size. 


6. Less current allows smaller cables resulting in a 
lighter weight vehicle. 


2. Factors That Would Favor a Decrease in Battery Voltage 


1. Transistor voltage rating and Vg^g) during 

switching off should be limited to approximately 
one-half of the battery voltage. Since the present 
transistor rating is 450 v, maximum battery 

voltage equals 450/2 or 225 V dc. During regenera- 
tion, the battery voltage level will increase. 
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2. Low P.SR electrolytic capacitors have dc voltage rat- 
ings loss than 1‘'30 V. However, computer grade elec- 
trolytic (slightly higher ERR) capacitors have voltage 
ratings to 450 V. 

3. Snubber loss is proportional to the square ol the 
battery voltage P = 1/2 CE^ f or 1/2 LI r , results 
in slightly lower efficiency. 

3. Summary 

For maximum efficiency, lowest weight, and smaller size, in- 
crease dc voltage to the limit imposed by present power transistor 
switching voltage ratings; approximately 216 V for nonregenerativo 
systems or 150 V for regenerative systems. 


C. TRANSISTORIZED AC POWER TRANSISTOR 

PROPULSION SYSTEMS COMPARISON 


Parameter 

Hybrid-*- 

Vehicle 

Study 

Rohr 2 

312 

NASA-* 

ac 

Controller 

Battery voltage, volts 

10 8 

96 

108 

kVA (maximum) 

62 

88 

50 

kW (maximum at .8 power factor) 

50 

70 

40 

Maximum fundamental frequency , Hz 

200 

300 

500 

Efficiency, % 

95 

92-97 

94-97 

Peak transistor current, A 

827 

— 

680 

Battery current, A 

480 

- 

400 

Approximate weight, lb 

88 

46^ 

87 


"Present study calculations 
2 nASA CR- 1 35 340 April 19 78 

^Present contract calculations and progress reports ^ 

^Weight of contactor or dc capacitors may not be included in 
this total 
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FOREWORD 


A cost-roduced redesign for the Power Condi txonxng Unxt (PCU) 
developed on the Near-Term Electric Vehicle Program - Phase II 
has been completed. The costs based on thxs methodology have 
been used in the detailed trade-off studxes. The producxbxlxty 
analysis which was completed is presented here. 




Robert D. King 


General Electric Company 
HMED - Advanced Development Engineering 
Syracuse, N.Y. 

April 2, 1979 


* i 


r'l 


f M , 


*»'>y T,/ »,e 
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INTRODUCTION 


This produciblllty analysis estimates the selling price of a production 
Electrical Drive Subsystem, EDSS, for the Near-Term Electric Vehicle. Results 
from this cost estimate will be Integrated with the cost estimate of the 
vehicle, to be provided by Chrysler Corporation, to establish the selling 
price of a production version of the Near-Term Electric Vehicle. Production 
quantities of 100,000 electric vehicles per year starting In 1982, are assumed 
for this cost analysis. 

Manufacturing cost, for this analysis. Is defined as the sum of the 
material cost, material handling, labor (direct and Indirect), and factory 
overhead. Acquisition (selling price) Includes the manufacturing cost plus 
payback of Investment for plant, equipment, research and development, and 
profit (after taxes). EDSS selling price does not Include any cost of sales 
adders, since It Is only a subsystem that will be Integrated Into the total 
vehicle. 

Major components (using Integrated Test Vehicle, ITV, terminology) of 
the EDSS Include: Microcomputer (w computer), Power Conditioning Unit (PCU), 

electric drive motor, on-board charger power unit, and propulsion batteries. 
Additional EDSS components Include: Internal EDSS electrical Interface, 

component temperature sensing and control, plus cooling fans. Figure 1-1 
Illustrates a functional block diagram of the major EDSS coiroonents and elec- 
trical interface. Operator Interface with EDSS are all assumed to be elec- 
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trical ; i.e., a voltage proportional to accelerator pedal position, brake 
differential pressure transducer, and logic levels corresponding to se1ec> 
tor switch positions, etc. Conversely, EDSS provides electrical signals 
with sufficient power to drive indicator lights and the fuel gauge in the 
Instrument panel . 


Redesign and simplification of the ITV EDSS is necessary to achieve a 
low cost electrical drive subsystem for a high volume Production Electrical 
Vehicle (PEV). Producibility of the redesigned EDSS is improved via system 
simplification. Large Scale Integration (LSI), alternate packaging concepts, 
and high volume automated production/testing techniques. 


EDSS producibility analysis manufacturing and selling price results pre- 
sented in the report are appropriate only for the following assumptions: 

1) Costs are in first quarter 1979 dollars 

2) 100,000 EDSS systems (vehicles) are produced per year starting 
in 1982 

3) Major plant and equipment investments are amortized over 10 
years (1,000,000 vehicles) 

4) R&D and production prototype programs are amortized over three 
years (300,000 vehicles) 

5) Vehicle R&O and production prototype programs have been completed 
prior to 1982 production 

6) Automated manufacturing and computerized testing techniques are 
used extensively to reduce production costs 

7) Production Electric Vehicle, PEV, performance equal or superior 
to Integrated Test Vehicle, ITV 
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8) Orivfi motor cost bdssd on & G02V Index of TOO In Generel 
Electric's Apparatus Handbook 

9) Drive motor length dimension and weight can be optimized for 
minimal EDSS system cost 

10) EDSS cost optimization allows alternate component packaging 
techniques. 



II. EUSS PRODUCIBILITY ANALYSIS RESULTS 


Electric vehicle Electrical Drive System (EOSS) produciblllty analysis 
results presented In this section are appropriate only for the assumptions 
stated In Section I. Table 2-1 provides a functional summary of the esti- 
mated manufacturing cost of the EDSS. Material costs are obtained from 
vendor quotes/estimates of the components In production quantity. Labor 
estimates are based on typical assembly times for similar General Electric 

Electronic systems. Table 2-2 Illustrates that the selling price estimate 
of a Production Electric Vehicle (PEV) EDSS Is $2,697.89. 

In this study, propulsion bat^'irles and drive motor are obtained via 
subcontracts. These subcontracted Items are assumed delivered directly to 
the vehicle manufacturer for Installation. Therefore, no overhead adders or 
profits are attached to these subcontracted Items. 

The following section provides detail on the cost methodology, ITV simpi 
flcatlon, and packaging techniques used In obtaining the PEV EDSS costs. 


TABLE 2-1 

EDSS FUNCTIONAL COST SUMMARY 


FUNCTION 

MATERIAL 

C0ST($) 

LABOR 

(MINUTES) 

EST. MFC. COST 
($). lOOK QTY. 


EV Integrated Control 

38.88 

27.6 

73.58 

t 

Battery Chargers & Logic 
Power Supply Brd. 

106.03 

119.4 

233.72 

PCU 

PCU Backplane & Housing 

9.11 

29.7 

34.66 

+ 

Armature/Field Base 
Drive Brd. 

48.68 

63.5 

113.83 

t 

PU 

Armature Chopper Pwr. Ckt. 

218.26 

23.8 

314.68 


On-Baord Charger Pwr. Unit 

58.49 

18.0 

93.05 


Battery Cable/ 
Connectors 

16.40 

4.0 

25.30 


Misc. (Fan, Wiring, 
Sys. Test, etc.) 

36.46 

36.0 

76.59 


PCU/PU/OBCPU Subtotal 

$532.31 

322.0 Min. 

$965.41 


Propulsion Batteries/Connectors 


693.00 


Drive Motor 



820.00 


Total Manufactu»*ing Cost 


$2,478.41 


Equipment/Development Amortization 

22.00 


TOTAL EDSS MANUFACTURING COST + R&O 


$2,500.41 
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III. ELECTRIC DRIVE SUBSYSTEM COST METHODOLOGY 

Electric Drive Subsystem production cost reduction Is achieved via sys- 
tem simplification, large scale Integration (LSI), alternate packaging con- 
cepts. and high volume automated production/testing techniques. The follow- 
ing sections outline the methodology leading to cost models used for obtain- 
ing EDSS production cost estimates presented In Section II. 


A. EDSS System Simplification 

EDSS design and packaging of these units for the present Integrated Test 
Vehicle (ITV) are not conducive to low cost, high volume produciblllty. After 
reviewing the present ITV design, the following simplifications were assumed 
for the Production Electric Vehicle (PEV) cost models: 

1) Separate the field chopper and 108 volt battery charger func- 
tions 

2) Combine the 108 volt and accessory battery (12V) charger 
functions with redesigned circuitry 

3) Expand the functions of the u computer in the PEV 

4) Simplify base drive functions via VMOS circuitry 

5) Reduce the annature chopper rating via different drive motor 

6) Simplify Logic Power Supply 

7) Simplify on-board Charger Power Unit 
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Separating the field chopper and the 108 volt battery charger functions 
simplifies control circuitry and utilizes lower cost power semiconductors. 

The 108 volt battery charger for the PEV is an UP/DOWN chopper design 
that is controlled via the u computer. Improved power factor and more effic- 
ient utilization of the battery charger power source results from this redesign 
concept. With the addition of a transformer and control system modifications, 
the 108 volt and 12 volt battery charger functions can be combined and, thus, 
reduce the battery charger costs by using common components. Figure 3-1 
illustrates the combined battery charger block diagrams. This configuration 
assumes that the 12 volt accessory battery is charged and maintained at full 
charge from the 108 volt battery during normal driving. Input 120 VAC power 
is used only to charge the 108 volt battery bank. 


Increasing the number of functions performed in the u computer and ded- 
icated digital interface circuitry reduces EDSS system costs. With rapidly 
declining costs of u processors and u computers, due to extremely high volume 
commercial, industrial, and automotive applications, expansion of u computer 
functions to replace dedicated hardware reduces system costs. 

Pulse Width Modulation (PWM) functions, including field chopper, arma- 
ture chopper and fuel gauge in the PEV, are performed with dedicated digital 
circuitry under u processor control. Since the desired output of the PWM 
circuitry is a one-bit digital signal; i.e., on or off. Digital to Analog 
(0/A) conversion is not necessary. Fuel gauge PWM output signal is low pass 
filtered in the analog fuel gauge. Therefore, the u computer output interface 
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figure 3-1 . EV PATTERY CHARGER SUHMARY 








in the PEV Is simplified and all D/A converters used In the ITV have been 
eliminated. Figure 3-2 illustrates the p computer block diagram with general 
inputs and outputs. The CPU portion of this p computer requires from 3 to 6 
IC'St depending on the configuration selected. Integrated packaging, discussed 

in greater detail below, significantly si;,.plif1es the input interface cir- 

( 

cuitry. 

Simplified base drive circuitry for armature and field choppers reduce 
EDSS system costs for the PEV. Off-the-shelf VMOS power transistors provide 
the Interface and power amplification between the logic level control signals 
and the power semiconductors. Optical isolation circuits plus isolated base 
drive power supplies achieves an efficient low noise, low volume implementa- 
tion. Figures 3-3 and 3-4 illustrate the block diagram of the armature and 
field chopper with the VMOS interface between the control logic and power 
semi conductors . 

Simplification of the armature chopper power circuit of the ITV is neces- 
sary to reduce the EDSS system cost. However, due to the relatively small 
number of high cost items, including high power semiconductors, capacitors 
and contactors, it is difficult to achieve the dramatic cost reduction neces- 
sary for the PEV in its present configuration. Two possible approaches to 
reducing costs Include: utilization of a single higher current rated power 
module that is presently being developed, or select a different motor that 
is designed with a lower base speed which essentially halves the current 
rating of the armature chopper. The initial technique reduces the power 
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FIfiURE 3-2. u COMPUTER SUMMARY 




FIGURE 3-3. EV ARMATURE CHOPPER SUMMARY 
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FIGURE 3-4. EV FIELD CHOPPER SUMMARY 




semiconductor cost by 1/3, but no reduction In capacitor cost. The latter 
design provides Increased torque per amp at lower speeds. Armature chopper 
bypass mode Is utilized at a lower speed than the ITV design. In addition, 
this design concept Is expected to Increase gradablllty of the vehicle. 
Halving the current rating on the armature chopper Includes: 1/3 power semi- 
conductor, 1/2 rating of snubber circuit, and 1/2 rating on base drive cir- 
cuit (3 amp Instead of 6 amp base drive circuit). Disadvantages of this 
concept Include: the required motor is physically larger, has increased 
weight, and Is more costly than a production version of the ITV drive motor. 
Preliminary tradeoffs Indicate a 1750/5000 RPM motor reduces PEV system cost 
and Is the design assumed for this producibllity analysis. However, future 
device development may warrant a reevaluation of this armature chopper/motor 

tradeoff. 

Reduced logic power supply requirements, due to reduced y computer and 
I/O power requirements, reduced base drive requirements, and low power inte- 
grated control circuits, allow a lower cost, reduced weight and smaller 
volume implementation. Three DC IPS outputs (+5V, +15V), compared with the 
five required for ITV (+5V, +15V, +12V) have estimated power requirements 
less than 20 % of the ITV design. Using a 1750/5000 RPM motor with a 50% 
derated armature chopper, as discussed above, the required base drive power 
supply output power Is approximately 40% of the ITV design. As a result cf 
the reduced LPS input power requirement, it is possible to use the accessory 
battery (12V) to power the LPS. Since the accessory battery voltage varia- 
tion. +17%, is considerably less than the +46% existing on the 108V propul- 
sion battery, less regulation simplifies the design. An additional option 
(although not exercised for this study) available when the LPS Is operated 
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from the sccessory battery uses off-the-shelf modular printed circuit board 
mounted DC/OC converters to supply the +5V. +15V logic power. IPS operation 
from the 12V battery yields reduced noise with fewer transient conditions 
compared to operation from the 108V battery. 

Figure 3-5 Illustrates the block diagram of the IPS used for costing 
the EDSS for the PEV. 

Productization of the On-Board Charger Power Unit requires packaging 
and component modifications. Figure 3-6 Illustrates the unit's block dia- 
gram. Its primary functions Include: EMI filtering, ground fault current 

Interrupter circuit, detection of either 15 A or 30 A power source, and 
safety power circuit breakers. Cost reduction of the On-Board Charger Power 
Unit Is primarily due to quantity discount on components and automated 
assembly. 

B. Large Scale Integration Reduces System Costs 

Large Scale Integrated Circuits (LSI) as well as Medium Scale Integra- 
ted Circuits (MSI) reduce material and labor cost for the PEV EDSS. Nearly 
all discrete semiconductor devices have been eliminated In the control func- 
tions. Initially, In the redesigned circuit, the control functions were 
configured with low power MSI circuitry using a minimum number of discrete 
devices (resistors, transistors). VMOS devices are used with this design 
to Interface the logic control functions with the power semiconductors, 
eliminating magnetic components from the ITV design. Further cost reduction 
Is achieved by replacing multiple MSI devices for particular functions with 
custom LSI. In other portions of circuitry. Hybrid Integrated Circuits 

(HIC's) Integrate several MSI circuits and discrete resistors Into a single 
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FIGURE 3-5. EV LOGIC POWER SUPPLY BLOCK DIAGRAM 
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IC. LSI Implementation reduces the number of components, which reduces both 
assembly and testinp labor. LSI also tends to reouire less power, reducinp 
the size and cost of logic power supplies. 

Production cost estimates for the LSI implementations were obtained 
from vendors and by comparison with similar LSI components used by General 
Electric's manufactured electronic systems. Detailed information of intepra- 
ted circuit packaging and functional partitioning is presented in the follow 

Ing section. 

C. PEV EDSS Component Packaging^ 

Induction of the physical size of the EDSS components in the PEV allows 
alternate low cost packaging concepts. Cost optimizations, presented in pre- 
vious sections, suggest that PEV functional partitioning different from the 
ITV EDSS are utilized. This section presents these packaging concepts at 

the module and board level. 

Production Electric Vehicle (PEV) EDSS contains three electronic modules; 
i.e.. Power Conditioning Unit (PCU). Power Unit (PU). and the On-Board 
Charger Power Unit. The PCU module contains the Electric Vehicle Integrated 
Control function, battery charger functions, and logic power supply. The 
Power Unit module contains the base dHve functions and power component 
function. Power semiconductors, for armature and field choppers, power 
filters, plus main and bypass contactors are included in the power component 
function. Figure 3-7 illustrates the interrelationship of each module in 

the EDSS of the PEV. 
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Electric Vehicle Integrated Control (EVIC) function contains the u computer 
with Its Input/output Interface circuitry plus all the armature chopper logic 
and field reversing logic. The complete electric vehicle Integrated control 
function Is Implemented on a single board containing 13 Dual In-Line Package 
(DIP) IC's. Since there are no discrete devices on this board* automated 
manufacturing* assembly and testing Is used extensively. 

The second board In the PCU contains the combined battery charger 
(108V and 12V) and the logic power supply. Transformers are potted and 
mounted directly on the rear of the board with leads protruding through the 
Printed Circuit (PC) board to be manually soldered. All electronic compon- 
ents are mounted* reflow soldered and tested prior to mounting the magnetic 
components on the rear of the board. 

Both PC boards In the PCU plug Into a PC backplane containing sockets 
and required terminal blocks for Interconnecting wiring harnesses. This mod- 
ular PCU design facilitates system testing and vehicle field maintenance. 

PCU field trouble shooting requires replacing a particular board with a 
"known good" board and shipping the failed board back to the factory for re- 
work. The PCU Is housed In a low cost lightweight molded case. 

Low cost power unit packaging for the PEV Includes the following: 
adequate power semiconductor cooling capability, minimal cable resistance 
and Inductance from batteries to power unit to drive motor* lightweight* 
and convenient accessibility for assembly and maintenance. A power unit 
package solution* Incorporating the above features* Integrates the PU Into 
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the drive motor end bell. However, to minimize the effect of the power unit 
on the motor design and mounting, the power unit 1s packaged In a low cost 
aluminum die cast shield that Is bolted to the existing end bell. Cooling 
is provided via natural convection using finned construction and forced con» 
vectlon by diverting a portion of the air from the motor blower fan through 
the power unit. Using a 50% derated armature chopper, resulting from a 
1750/5000 RPM motor as discussed in Section 3A, the entire power unit. In- 
cluding the base drive PC board Is mounted within the motor end shield. 

Power filter capacitors and power contactors with built-in shunts are also 
mounted within the shield. Depending on the total resistance of the battery, 
cable and motor, an additional bypass contactor with series power resistor 
may be necessary to limit the current. This mode would provide additional 
torque for starting from "pot holes" or on very steep grades. 

The on-board charger power unit is mounted In Its own housing as a 
safety feature to avoid Injury In event of a 120 VAC grounding problem. 
Slight modifications In the design reduce the assembly and testing labor. 
Component mounting Is facilitated via a molded base plate and housing. 

Although the drive motor used in the PEV is heavier than In the ITV 
design, the estimated EOSS net weight Is 25 pounds lighter than the ITV de- 
sign. 
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Two cost estimation techniques were used to estimate manufacturing costs 
In this produclblllty analysis. The first technique, used for PEV EDSS major 
subcontractors (propulsion batteries and drive motor), obtained direct vendor 
quotes for 100,000 units per year. The second technique was used for the 
PCU, PU, and On-Board Charger Powe* Unit (OBCPU). This technique estimated 
base material cost and labor time required for each function. These estimates 
were multiplied by appropriate overhead factors to arrive at the manufacturing 
cost for each function. The acquisition (selling) price added amortization 
costs for plant, equipment, research and development, and profit (after taxes) 
to the manufacturing cost of the PCU, PU and OBCPU. 

Base material costs (1st quarter 1979 dollars) of hardware required for 
the simplified (cost reduced) design were obtained via vendor quotes for 
100,000 quantities. In cases where the vendor would not provide a quote for 
lOOK quantities, an estimated material cost Is extrapolated from vendor cost 
data for lower quantities. Appropriate overhead fcr material handling and 
labor costs (direct and Indirect) are based on typical high quantity ^^eneral 
Electric electronic manufacturing factors. 

Required investment and development costs assumed for this produclbll- 
lty analysis are summarized In Table 3-1. Major manufacturing facility 
Investments are required to efficiently produce EDSS's drive motors and 
electronic control systems in quantities of 100,000 per year. Automated 
assembly and testing Is used extensively to reduce manual labor and mini- 
mize large quantity production costs. Two amortization schedules are 
assumed; I.e., 10 years for major plant and equipment Investment, and three 
years for required development and component test equipment. Thus, payback 
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for manufacturing facility investment is added in the selling price of the 
first million cars, whereas payback for R&O and test equipment is added to 
the first 300,000 systems. 



TABLE 3-1 

REQUIRED INVESTMENT/OEVELOPMENT AMORTIZATION COSTS 


ITEM 

ASSUMED 

INVESTMENT 

m 

NUMBER OF 

YEARS 

AMORTIZED 

ADDITIONAL 
COST PER 
VEHICLE $ 

Motor Manufacturing 
Facility 

10.0 

10 

— (Included in 
Motor Quote) 

Electronic Assembly 
Facility 

6.0 

10 

6.0 

Custom Chip Development 

.50 

3 

1.67 

Software Development/ 
Modifications 

.3 

3 

1.00 

System and Component 
Automated Test Equip- 
ment 

1.0 

3 

3.33 

Production Prototype 
Development 

3.0 

3 

10.00 

TOTALS 

$20. 8M 


$22.00/E0SS 


III. CONCLUSIONS 


Manufacturing and selling price estimates for a Production Electric 
Vehicle (PEV) Electrical Drive Subsystem, with vehicle performance equal 
or superior to the ITV, are presented. Cost estimate results are based on 
a cost reduced version of the EDSS for the ITV. Typical overhead rates 
for material and labor were used. Automated assembly and testing proced- 
ures are used to reduce labor costs. 

Cost estimates presented, based on simplified models, are believed to 
be reasonably accurate. However, test data from the ITV and the development 
and cost optimization of a production prototype electric vehicle are required 
to establish an Improved cost estimate of the EDSS for a PEV. 
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Section 4 Attachment F 
REQUIRED MOTOR AND CONTROLLER DATA 


QENERAll^ElECTRIC 


FOREWORD 


In order to conduct the hybrid vehicle design trade-off 
studies, considerable input information and data were 
needed. This section contains the motor and controller 
data which were requested. 
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p.G. Turnbull 
A.F. Burke 
November 10, 1978 

Required on AC Motor/Controller 
luformation/Oaia Kcqu Vehicle Design 

Drive Systems; for tne i.yui- 
Trade-Off Studies 


. , ^ f studies, 

AS part o£ the hybrid '’thicle design will 
I need inforraation/data , ^o^ipari con o£ various power 

L used in both the o£ hybrid vohiole 

train configurations cvcles. Computer programs 

operation over various | irnuts and for modeling o. 

which use the requested and are being readied 

Si various components programs wore developec 

Tr running < n the r.E ^ Jp^na?io,^i/data is needed £o, 

fo‘i5lie''s:.stL;-in'the £ollowing site range: 

1R _ 


Continuous rating; 

. • t ’tri erifTindri) : 


15 - 35 KW 
30-70 KW 



be given either as a x-twiyt, 

pcalability of the in£or.ation/Jata to 

the range of ^^„o^'^°to^V!now the exact sine (KW) oi 

this early stage of our ‘ . • the 5- passenger hybrid 
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controllers . 
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Smi values of the characteristics (ox. Ib/KW, in^KW, 

rent^ models (i.e. analytic expressions) for cur- 

rents, voltages, losses, etc. referenced to a baseline component 

M ^ information on ac drive systems by the end 

tL by mid-December at tL latest. 

JhS can, of course, be updated and expanded over 

the following few .months. * 
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TABI.K I 


INFORMATION/DATA FOR AC MOTORS FOR VEHICLE DRIVE SYSTEMS 
(X) Weight vs. KW-continuous rating 

(2) Volume (dimensions are preferred) vs. KW-continuous 
rating 

(3) Over-load factor for accelerations (30 seconds) 

(4) Normalized maximum torque curve IT/To vf. . RPM/(RPM)J 

(5) Current- voltage vs. torque and rpm using optimum control 

(6) Scaling rules (sizing and losses) 

(7) Voltage level trade-off considerations 

(8) Loss calculation procedure or efficiency vs. torque and 
rpm using optimum control 

(9) Efficiency for regenerative bralcing 

(10) Estimated cost vs. KW-continuous rating 


TABLE II 


INF0RI4ATI0N/DATA FOR AC INVERTER/CONTROLLER 

(1) Weight vs. KW-peak rating 

(2) Volume (dimensions arc preferred) vs. KW-peak rating 

(3) Loss calculation procedure or efficiency vs. current- 
voltage 

(4) Transient current characteristics as seen by the battery 
for drive and braking modes 

(5) Scaling rules (sizing and losses) 

(6) Estimated cost vs. KW— peak rating^ including listing of 
high cost components 

(7) Motor start-up and control options 
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